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SUMMARY 


Our  investigation  of  defect  interactions  and  properties  related  to 
semiinsulating  behavior  of  lll-V  semiconductors  resulted  in  about  twenty 
original  publications,  six  doctoral  thesis,  one  masters  thesis  and 
numerous  conference  presentations. 

The  studies  of  new  compensation  mechanisms  involving  transition 
metal  impurities  have  defined  direct  effects  associated  with  deep 
donor/acceptor  levels  acting  as  compensating  centers.  Electrical  and 
optical  properties  of  vanadium  and  titanium  levels  were  determined  in 
GaAs,  InP  and  also  in  ternary  compounds  InGaAs.  The  experimental  data 
provided  basis  for  the  verification  of  chemical  trends  and  the  VRBE 
method.  They  also  defined  compositional  range  for  lll-V  mixed  crystals 
whereby  semiinsulating  behavior  can  be  achieved  using  transition 
elements  deep  levels  and  a  suitable  codoping  with  shallow  donor/acceptor 
impurities. 

Our  discovery  of  the  indirect  effect  of  V-doping  on  semiinsulating 
property  of  GaAs  has  clarified  the  long  standing  controversy  on  the  role  of 
V.  Our  study  showed  that  vanadium  is  capable  of  gettering  donor 
impurities  in  the  crystal  growth  melts.  Its  role  is  therefore  similar  to 
that  of  oxygen  which  is  known  to  reduce  the  concentration  of  Si  donors  in 
melt  grown  GaAs  crystals. 

In  order  to  resolve  the  question  of  oxygen  related  electronic  centers 
in  GaAs  we  have  prepared  a  series  of  crystals  intentionally  doped  with  the 
low  natural  abundance  oxygen  18  isotope.  This  enhanced  a  detection  of 
oxygen  by  SIMS  and  also  facilitated  the  unique  identification  of  the 
infrared  local  vibration  mode  spectrum  of  oxygen  based  on  the  isotope 
shift.  This  work  was  realized  in  collaboration  with  IR  Spectroscopic 
Groups  in  the  Fraunhofer  Institute  and  in  the  J.J. Thomson  Phys.Lab. 

Our  investigation  of  native  defects  introduced  by  excessive  stress 
and  nonstoichiometry  has  shown  that  the  midgap  donor  EL2  is  not  formed 
during  plastic  deformation  of  GaAs  up  to  3%  i.e.  within  the  range  typical 
for  the  crystal  growth  from  the  melt.  On  the  other  hand  we  established 
that  the  EL2  defect  is  formed  during  postsolidification  cooling  of  the 
crystal  in  the  temperature  zone  1100  C  to  700  C.  We  have  also  studied  the 
stoichiometry  dependance  of  native  acceptors.  Empirical  data  on  EL2  and 


acceptor  formation  were  used  in  a  quantitative  compensation  model  which 
successfully  explained  resistivity  dependance  of  SI  GaAs  on  the  melt 
stoichiometry  and  the  cooling  rate  of  the  grown  ingot. 

Reprints  of  selected  publications  are  enclosed  with  the  final  report. 
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The  effects  of  vanadium  doping  on  the  electrical  and  optical  properties  of  GaAs  were 
systematically  studied  in  melt-grown  crystals  prepared  by  the  liquid-encapsulated  Czochralski 
and  horizontal  Bridgman  techniques  and  in  epitaxial  crystals  prepared  by  liquid-phase 
electroepitaxy.  By  employing  deep-level  transient  spectroscopy,  Hall-effect  measurements  and 
the  V2  *  (3d 3)  and  V1  +  (3 d2)  intracenter  optical-absorption  spectra,  one  vanadium-related 
level  was  identified  in  all  crystals,  i.e.,  the  substitutional-vanadium  acceptor  level  (V’ W2+  ) 
at  0. 1 5  +  0.0 1  eV  below  the  bottom  of  the  conduction  band.  From  the  absorption 
measurements  we  conclude  that  the  vanadium  (V4VV1  +  )  donor  level  must  be  located  within 
the  valence  band.  Because  of  its  energy  position,  the  above  level  cannofliccount  for  the 
reported  semi-insulating  properties  of  V-doped  GaAs.  We  observed  no  midgap  levels  resulting 
from  vanadium-impurity  (defect)  complexes.  The  high  resistivity  reported  for  certain  V-doped 
GaAs  crystals  must  result  from  indirect  effects  of  vanadium,  such  as  the  gettering  of  shallow- 
level  impurities. 


I.  INTRODUCTION 

In  the  last  few  years  several  laboratories  have  reported 
the  successful  growth  of  semi-insulating  (SI)  V-doped 
GaAs,  emphasizing  its  potential  for  improving  device-pro¬ 
cessing  characteristics  relative  to  Cr-doped  GaAs.1  SI  V- 
doped  GaAs  crystals  have  been  grown  by  liquid-encapsulat¬ 
ed  Czochralski  (LEC),2-'  vapor-phase  epitaxy  ( VPE)/and 
metallo-organic  chemical  vapor  deposition  (MOCVD)7* 
techniques.  The  growth  of  low-resistivity  V-doped  GaAs 
crystals  by  LEC9"’ and  horizontal  Bridgman  (HB)'"  tech¬ 
niques  has  also  been  reported.  In  the  above  studies  the  posi¬ 
tions  of  the  energy  levels  tentatively  attributed  to  vanadium 
range  from  near  the  conduction  band  edge1'-12  to  midgap. :  <’-7 

It  has  also  been  shown'114  that  the  diffusivity  of  vanadi¬ 
um  in  GaAs  is  about  one  order  of  magnitude  lower  than  that 
of  chromium.  On  the  basis  of  this  finding  and  the  report  of  a 
level  at  £,.  4-  0.58  eV  in  V-doped  VPE  GaAs/’  a  compensa¬ 
tion  mechanism  for  V-doped  SI  GaAs  was  proposed.11 14 
These  reports  also  concluded  that  V-doped  SI  GaAs  would 
be  superior  in  quality  to  all  other  commercially  available 
types  of  SI  GaAs  crystals. 

In  this  paper  we  discuss  the  effects  of  vanadium  on  the 
properties  of  GaAs  based  on  the  results  of  studies  carried  out 
on  a  scries  of  V-doped  melt-  and  solution-grown  GaAs  crys¬ 
tals  using  different  growth  and  doping  conditions.  We  show 
that  the  only  vanadium-related  level  within  the  GaAs  energy 
gap  is  an  acceptor  level  at  0.15  eV  below  the  conduction 
band.  Some  preliminary  results  have  already  been  present¬ 
ed.1'-'7 

II.  EXPERIMENTAL  PROCEDURES 

Vanadium-doped  melt-grown  GaAs  crystals  were  pre¬ 
pared  by  the  LEC  and  HB  techniques  by  using  both  pyroly¬ 
tic  boron  nitride  (PBN)  and  quartz  crucibles.  Two  different 
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types  of  crucibles  were  used  in  order  to  test  the  hypothesis 
that  inconsistencies  in  the  reported  data  resulted  from  inter¬ 
actions  of  vanadium  with  impurities  originating  in  the  cruci¬ 
ble.  (For  example,  SI  LEC  GaAs  crystals  were  grown  by 
Wacker-Chemictronic  with  the  use  of  quartz  crucibles.4  ") 
Doping  with  vanadium  at  concentrations  reaching  a  level  of 
3X  1019  cm-1  in  the  melt  was  realized  by  adding  ultrapure 
elemental  vanadium  (99.9995%)  or  vanadium  pentoxide 
V2Os  (99.995%)  to  the  GaAs  melt.  The  use  of  V.O^  was 
motivated  by  the  speculation  that  vanadium-oxygen  com¬ 
plexes  could  be  responsible  for  deep  levels  in  GaAs.”  ’ 

Some  of  the  crystals  were  additionally  doped  with  either 
shallow  donors  (Se,Si)  or  shallow  acceptors  (Zn)  in  order 
to  vary  the  Fermi-level  position  across  the  entire  band  gap. 

A  key  element  in  this  study  was  the  investigation  of  low  - 
temperature  solution-grown  «-type  V-doped  crystals  pre¬ 
pared  by  liquid-phase  electroepitaxy  (LPEE)'S  Without  in¬ 
tentional  doping,  this  technique  yields  clectron-trap-frcc 
GaAs  crystals,19  providing  a  unique  means  for  the  unam¬ 
biguous  identification  of  levels  introduced  by  vanadium. 

In  our  investigation  we  also  employed  melt-grown  in¬ 
verted  thermal  conversion  (ITC)  V-doped  GaAs  crystals.2" 
This  new  type  of  GaAs  crystal  contains  virtually  no  native 
midgap  levels  (EL2),  allowing  the  study  of  V-related  opti¬ 
cal-absorption  spectra  without  interference  from  the  well- 
known  EL2  absorption. 

Hall-effect  measurements  were  conducted  by  using  the 
standard  Van  der  Pauw  configuration.  Ohmic  contacts  were 
fabricated  by  using  an  In/Sn  alloy  for  n-type  samples  and  an 
In/Zn  alloy  for  p-type  samples.  Typically,  measurements 
were  carried  out  at  300  and  77  K.  For  several  samples,  car¬ 
rier  concentration  as  a  function  of  temperature  was  mea¬ 
sured  over  the  range  of  170-465  K. 

The  features  of  our  transient  capacitance  system  perti¬ 
nent  to  this  study  include  (a)  precise  temperature  control 
and  monitoring  in  the  range  15-420  K,  (b)  direct  emission- 
rate  measurements  over  a  range  10_1-104  s' 1  from  capaci¬ 
tance  relaxation  recorded  with  a  signal  averager,  (c)  stan- 
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dard  deep-level  transient  spectroscopy  (DLTS)  mode 
operation  with  the  use  of  a  boxcar  averager,  and  (d )  optical 
deep-level  spectroscopy  (ODLTS)  operation  with  the  use  of 
1.06-/jm  excitation  from  a  YAG  laser.  Schottky  diodes  were 
fabricated  by  evaporating  Au  onto  n-type  samples  and  A! 
onto  p-type  material. 

Optical-absorption  measurements  were  performed  at 
300,  77,  and  5  K  on  a  Cary  model  17  spectrophotometer 
using  a  helium-gas-flow  cryostat.  Samples  were  typically 
from  0. 5  to  1 .0  cm  thick.  All  of  the  absorption  measurements 
performed  at  5  K  were  preceded  by  a  period  of  white  light 
illumination  in  order  to  photoquench  the  well-known  ab¬ 
sorption  due  to  EL 2.  All  of  the  photoconductivity  measure¬ 
ments  were  performed  at  77  K.  on  a  simple  LiF  prism-based 
optical  system. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Hall-effect  measurements 

Doping  with  vanadium  increased  the  resistivity  of  n- 
type  GaAs  and  had  no  effect  on  the  resistivity  of p-type  crys¬ 
tals.  Standard  Hall-effect  measurements  on  low-resistivity 
n-type  V-doped  GaAs  crystals  yielded  low-temperature  free- 
electron  mobility  (/t)  values  that  were  systematically 
smaller  than  those  obtained  at  room  temperature.  Typical 
results  for  crystals  with  free-electron  concentrations  (n) 
equal  to  a  few  times  1016  cm-3  were  the  following: 
fi  =  2800-3 100  cmW  s  at  77  K  and /z  =  3400-3700  cm2/ V 
s  at  300  K.  These  results,  indicative  of  a  high  degree  of  ion¬ 
ized  impurity  scattering  at  low  temperature  due  to  the  pres¬ 
ence  of  vanadium,  can  be  tentatively  explained  by  assuming 
that  vanadium  acts  as  an  acceptor  in  this  material. 

From  systematic  Hall-effect  measurements  as  a  func¬ 
tion  of  temperature  between  170  and  465  K,  the  free-carrier 
concentration  (n)  can  be  plotted  as  a  function  of  reciprocal 
temperature,  as  shown  in  Fig.  1.  From  these  data  the  energy 
(Ea  )  of  a  compensating  vanadium  level  was  found  to  be 


1000/ T  ( K”’) 


F(G.  I.  Activation  plot  n/T>l! 
vs  1000/r  of  the  free-electron 
concentration  in  high-resistiv¬ 
ity  LEC  V-doped  n-type  GaAs 
(/Vv  >N„). 


0.15  +  0.01  eV  below  the  conduction  band.1*  In  this  analysis 
we  have  assumed  the  Hall-scattering  factor  (r„ )  to  be  equal 
to  1.1  (  +  10%)  throughout  the  measured  temperature 
range. 

Further  analysis  of  the  Hall  data  can  provide  an  esti¬ 
mate  of  the  concentration  of  vanadium  centers  by  using  the 
charge-balance  expression  given  by  Look21: 


n  +  ■ 


Nv 


I  +  ®Ac/n 


=  NS-Nt 


where  d><c  =  (gA0/gA\)N  cTil2e~  k,'k'  is  a  “modified” 
density-of-states  function,  N 'c  =2(2irm*k)'1'/ 
h'  =  8.1  X  1013  cm-3  K~3/2,  jVv  is  the  concentration  of  va¬ 
nadium-related  centers  (assumed  to  be  acceptors  in  this 
caseLg^o  (gA  ,  )  is  the  degeneracy  of  the  unoccupied  (occu¬ 
pied  )  state,  Ea  is  the  level  energy  measured  from  the  bottom 
of  the  conduction  band  (a  positive  value),  n  is  the  concentra¬ 
tion  of  free  electrons,  and  N  £  and  Nj  are  the  concentra¬ 
tions  of  all  ionized  donors  and  acceptors  (excluding  vanadi¬ 
um),  respectively.  By  curve  fitting  to  the  n(T)  data,  the 
concentration  of  vanadium-related  centers  (Nv )  can  be  esti¬ 
mated  to  be  a  few  times  1016  cm-3  with  an  occupation  frac¬ 
tion  of  these  centers  (.V  ^  /Nv  )  between  0.4  and  0.6  at  200 
K.  With  use  of  the  free-electron  mobility  values  in  compen¬ 
sated  GaAs  calculated  by  Walukiewicz  et  a!.2 2,23  for  77  and 
300  K,  the  degree  of  shallow-donor  compensation  in  these 
crystals  (N p  /Na)  falls  between  0.5  and  0.8.  Combination 
of  these  results  gives  an  upper  limit  for  the  concentration  of 
vanadium-related  acceptors  of  about  5  X  10lh  cm  _  3. 


B.  DLTS  measurements 

DLTS  and  capacitance  transient  experiments  were  per¬ 
formed  on  low-resistivitv  GaAs:  V,Se  crystals  where  the  sele¬ 
nium-donor  concentration  ( ND )  exceeded  the  concentra¬ 
tion  of  vanadium-related  centers.  The  free-electron 
concentration  in  these  crystals  is  weakly  dependent  on  tem¬ 
perature,  making  it  possible  to  carry  out  capacitance  tran¬ 
sient  measurements  to  well  below  77  K.  Typical  DLTS  spec¬ 
tra  in  the  range  100-440  K  for  a  reference  LEC  GaAs:Se 
crystal,  a  LEC  GaAs:V,Se  crystal,  a  reference  HB  GaAs:Si 
crystal,  and  a  HBGaAs:V,Si  crystal  are  shown  in  Figs.  2(a), 
2(b)  and  Figs.  3(a), 3(b),  respectively.  The  dominant  mid¬ 
gap  level  EL2  is  clearly  visible  in  all  LEC  and  HB  spectra  at 
about  390  K.  No  other  midgap  levels  could  be  detected. 
However,  in  V-doped  crystals  a  new  peak  at  about  100  K. 
appears,  indicating  the  presence  of  a  new  electron  trap.  In 
the  n- type  LPEE  GaAs:V  crystals  this  same  electron  trap  is 
present,  as  shown  in  Fig.  2(c).  These  crystals  are  electron- 
trap  free  without  vanadium  doping;  thus  the  presence  of  this 
new  electron  trap  in  this  material  provides  proof  that  it  is 
related  to  vanadium. 

Capacitance  transients  caused  by  electron  emission 
from  this  trap  were  measured  as  a  function  of  temperature  in 
order  to  obtain  values  of  the  activation  energy  and  electron- 
capture  cross  section.  From  the  thermal  activation  plot  of 
the  emission  rate  ( T2e~  1  vs  1000/F),  which  is  presented  in 
Fig.  4,  we  have  found15  an  activation  energy  for  this  vanadi¬ 
um-related  trap  of  0.15  ±  0.01  eV  and  an  electron-capture 
cross  section  <7„  of  about  2  X  10~ 14  cm2.  We  were  unable  to 
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FIG.  2.  DLTS  spectra  of 
(a)  n-type  LEC  GaAs.  (b) 
low-resistivity  V-doped 
LEC  GaAs  (Nv<i\ly), 
and  (c)  V-doped  n-type 
LPELGaAs.  l,/l2  =  5  ms/ 
10  ms. 


measure  the  temperature  dependence  of  this  cross  section. 
However,  for  the  case  of  Ti-doped  GaAs  having  an  acceptor 
level  of  Ec  —  0.23  eV,24  the  activation  energy  of  the  electron- 
capture  cross  section  was  found  to  be  smaller  than  0.01  eV, 


FIG.  3.  DLTS  spectra  of  (a)  n-type  HB  GaAs  and  (b)  low-resistivity  V- 
doped  HB  GaAs  (,Vv  <NP).  ty/li  —  5  ms/10  ms. 


FIG.  4.  Emission-rate  thermal  activation  plot  T'cn  1  vs  1000/ T  for  V-rclat- 
cd  electron  trap  in  LEC  GaAs. 


i.e.,  our  experimental  error.  Thus,  taking  into  account  the 
agreement  between  the  DLTS  and  Hall-cfTcct  data  concern¬ 
ing  the  level  energy,  we  can  assume  that  the  activation  ener¬ 
gy  fjr  electron  capture  for  vanadium  is  also  negligible. 

The  concentration  of  vanadium  centers  calculated  from 
the  DLTS  data  was  found  to  be  approximately  10"’ cm  '.in 
agreement  with  the  value  obtained  from  Hall  measurements. 

DLTS  measurements  on  /i-type  V-doped  GaAs  did  not 
reveal  any  hole  trap  that  could  be  related  to  vanadium.  Typi¬ 
cal  DLTS  spectra  in  the  range  100-440  K  fora  reference  HB 
GaAs:Zn  crystal  and  a  HB  GaAs:V,Zn  crystal  are  shown  in 
Figs.  5(a)  and  5(b),  respectively.  In  addition,  optical  DLTS 
measurements  on  n-type  crystals  did  not  show  any  minority 
carrier  traps  that  could  be  related  to  vanadium. 

In  view  of  the  results  presented  thus  far.  several  conclu¬ 
sions  regarding  the  behavior  of  vanadium  in  GaAs  can  be 
drawn.  Regardless  of  the  dopant  form  (V  or  V.OJ,  ciuciblc 
material  (SiO.or  PBN),  or  growth  technique  ( LEC,  HB,  or 
LPEE),  vanadium  introduces  one  electron  trap  into  the  cn- 
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Temperature  (K) 

FIG  5  DLTS  spectra  of  (a)  p-lype  HBGaAsand  (b)  V-doped  HB  GaAs. 
t,/t}  =  5  ms/10  ms. 


ergy  gap  at  0.15  eV  below  the  bottom  of  the  conduction 
band.  No  evidence  of  any  midgap  level  related  to  vanadium 
was  found,  which  directly  draws  into  question  the  utility  of 
vanadium  in  producing  semi-insulating  GaAs.  The  identifi¬ 
cation  of  this  0. 15-eV  vanadium  level  as  an  Acceptor  w  ill  be 
more  fully  discussed  in  the  following  section. 

It  should  be  noted  that  results  obtained  in  some  other 
laboratories  did  indicate  the  presence  of  a  vanadium-related 
acceptor  level  in  the  vicinity  of  the  conduction  band  edge. 
Thus  Clerjaud  et  a!.'2  reported  electron  traps  at  Ec  —  0.14 
eV  and  Ec  —  0.23  eV  from  DLTS  measurements  of  HB 
GaAs:V,  while  Ulrici  et  a/.10  reported  an  acceptor  level  in 
LEC  GaAs:V  at  Ec  —  0. 14  eV.  We  think  that  the  levels  re¬ 
ported  at  Ec  —  0.14  eV  are  undoubtedly  related  to  vanadi¬ 
um,  with  the  difference  between  our  results  and  those  quoted 
above  lying  within  the  experimental  error. 

C.  Absorption  and  photoconductivity  spectra 

Having  identified  the  level  at  Ec  —  0.15  eV  as  being  in¬ 
troduced  by  vanadium,  we  employed  optical  measurements 
to  obtain  information  concerning  its  microscopic  nature. 

Optical-absorption  measurements  were  performed  on 
both  n-  and  p-type,  V-doped  GaAs  crystals.  In  this  way, 
spectra  were  obtained  for  Fermi-level  positions  spanning  the 
entire  energy  gap.  The  absorption  spectra  obtained  fell  into 
two  primary  groups: 

(a)  For  all  high-resistivity  GaAs:V  crystals  and  p-type 
Ga  As;  V,  Zn  crystals  ( independent  of  the  zinc-doping  level ) , 


a  characteristic  double-peak  absorption  band  was  observed 
between  1.0  and  1.2  eV,  preceded  at  5  K  by  a  weak  zero- 
phonon  line  (ZPL)  at  1.008  eV  and  a  single  absorption  line 
at  0.909  eV.  An  additional  absorption  band  starting  at  about 
1.35  eV  and  superimposed  on  the  fundamental  absorption 
edge  was  also  observed.  All  of  these  absorption  features  are 
shown  in  Fig.  6(a). 


FIG.  6  Optical-absorption  spectra  of  (a)/>-typeand  high-resislivily,  (b)  n- 
lype  ( Af v  <  ND  ),  and  (c)  n-type  (Nv  >  /V0  )  V-doped  GaAs  obtained  at  5 
K,  In  (a)  and  ( t,  i  assignments  of  vanadium  intracenter  transitions  accord- 
ingto  Ref.  25  are  indicated.  The  inset  of  (c)  shows  the  relative  contribution 
of  the  V'  *  and  V 1  *  charge  states. 
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(b)  For  n- type  GaAs:  V,Se,  heavily  doped  with  selenium 
( N0  >  1017  cm  _ 3 ) ,  two  absorption  bands  at  0.68  e V  and  1 .03 
eV  without  any  ZPL  were  observed,  as  shown  in  Fig.  6(b). 
These  bands  are  superimposed  on  an  absorption  background 
that  begins  at  about  0.3  eV. 

For  lightly  doped  n-type  GaAs:V  crystals,  a  mixed  ab¬ 
sorption  spectrum,  composed  of  both  (a)  and  (b)-type  ab¬ 
sorption  features,  was  observed.  Figure6(c)  shows  an  exam¬ 
ple  of  such  a  mixed  absorption  spectrum. 

The  nature  of  the  characteristic  absorption  band  shown 
in  Fig.  6(a)  has  a.ready  been  studied  and  is  discussed  in 
detail  in  the  review  paper  by  Clerjaud.'  This  band  consti¬ 
tutes  an  intracenter  transition  within  neutral,  substitutional 
[  V3  4  ( 3tf 2 )  ]  vanadium  between  the  ground  3  A  2  and  the  ex¬ 
cited  3T,  state.  Furthermore,  the  luminescence  spectrum1 
(ZPLsat  0.74  eV),  involving  the  excited  3T2  and  ground  3A2 
states  of  this  V3  +  ( 3d 2 )  configuration,  was  also  observed  in 
these  same  samples.26  Therefore,  the  vanadium  in  all  of  our 
p-type  and  high-resistivity  n-type  crystals  is  in  the  neutral 
V 3  4  ( 3 d1)  charge  state.  This  assignment  is  further  supported 
by  the  results  of  Clerjaud  et  al. 1 2  who  correlated  observation 
of  the  EPR  spectrum  of  the  neutral  V3+(3</2)  with  the  ab¬ 
sorption  spectrum  in  Fig.  o(a). 

The  absorption  line  at  0.909  eV  in  Fig.  6(a)  has  also 
been  observed  by  Clerjaud  et  al.12  and  recently  interpreted 
by  Caldas  et  al.25  as  being  due  to  the  }A2  —  'E  spin-forbidden 
transition  of  the  V3  +  (3 d2)  charge  state. 

Figure  6(a)  also  shows  an  absorption  band  starting  at 
1 . 35  eV  whose  intensity  correlated  with  that  of  the  main  V3  + 
intraccnter  absorption.  This  result  is  >n  agreement  with  the 
existing  assignment 1012  of  this  absorption  to  the  optical  tran¬ 
sition: 

V,+  (3 d2)  +  e~(VB)  =}  V2  +  (3</3)  . 

The  second  type  of  absorption  spectrum  shown  in  Fig. 
6(b)  is,  in  our  opinion,  due  to  intracenter  transitions  of  the 
singly  ionized  V2  +  (3 d3)  charge  state.  This  spectrum  is  ob¬ 
served  in  all  low-resistivity  n-type  GaAs;V  crystals,  and  its 
intensity  follows  that  of  the  DLTS  vanadium  peak.  Further¬ 
more,  Fig.  6(c)  illustrates  the  smooth  transition  between  the 
two  different  vanadium  spectra  when  the  Fermi  level  is  lo¬ 
cated  at  the  Ec  —0.1 5-e V  vanadium  level.  The  band  at  1.03 
cV  had  been  observed  by  Clerjaud  etal.'2  and  interpreted  in 
termsoftheV2+(3</3)  intracenter  transition.  However,  they 
did  not  observe  the  band  at  0.68  eV  because  of  a  rising  low- 
cncrgy  absorption  background.  Ulrici  et  al.10  did  observe 
both  of  these  bands,  but  did  not  interpret  them  as  being  con¬ 
nected  with  the  V2+(3 d3)  charge  state  or  correlate  them 
together.  We  can  explain  the  reason  for  this  omission  as  the 
observation  by  Ulrici  et  al.  of  a  mixed  V 1  +  and  V2  4  absorp¬ 
tion  spectrum  similar  to  that  presented  in  Fig.  6(c). 

At  this  time  we  are  unable  to  mak :  a  definite  identifica¬ 
tion  of  the  V2  4  ( 3 d3)  electron  states  responsible  for  the  ab¬ 
sorption  bands  presented  in  Fig.  6(b),  because  with  the  lack 
of  a  positive  identification  of  any  V2*  EPR  spectra,  the 
ground-state  symmetry  remains  uncertain.  However,  Ka- 
tayama-Yoshida  and  Zunger27  and  also  Caldas  et  al.23  have 
predicted  that  the  ground  state  of  the  V24(3 a  ')  configura¬ 
tion  in  GaAs  crystals  should  be  the  low-spin  2£  state,  rather 


than  the  normally  expected  (according  to  Hund’s  rule) 
high-spin  *T{  state.  Within  this  model  Caldas  et  al.  have 
interpreted  the  entire  V2  +  (3 d3)  absorption  spectrum,  as  in¬ 
dicated  in  Fig.  6(b). 

From  our  identification  one  can  further  conclude  that 
the  absorption  background  observed  in  Figs.  6(b)  and  6(c) 
probably  corresponds  to  the  transition 

V2  *■  (3cf 3)  =>  —  V3+  (3tf 2)  -f  e’’  (CB)  , 

which  is  complementary  to  the  1.35-eV  absorption  observed 
in  the  V34  spectrum. 

The  results  of  photoconductivity  measurements  on 
these  low-resistivity  n-type  samples  are  shown  in  Fig.  7.  The 
presence  of  the  same  two  maxima  of  the  V2 4  ( 3d 3 )  charge 
state  at  0.68  and  1.03  eV  in  the  photoconductivity  spectrum 
is  a  well-known  property  of  excited  states  of  a  many-electron 
impurity.  These  states  are  therefore  degenerate  with  the 
GaAs  conduction  band  and  undergo  an  autoionization  ef¬ 
fect,1 28  making  them  observable  under  these  experimental 
conditions. 

Ali  of  the  aforementioned  assignments  are  further  sup¬ 
ported  by  electron-paramagnetic-resonance  (FPR)  mea¬ 
surements  of  our  samples.29  The  characteristic  substitution¬ 
al  V34(3 d2)  spectrum4  was  observed  for  all  p-type  and 
high-resistivity  n-type  V-doped  GaAs  samples.  In  the  case  of 
samples  with  the  Fermi-level  position  above  the  Ec  —  0. 15- 
cV  level,  no  EPR  spectrum  was  found,  which  can  be  attribut¬ 
ed  to  the  high  conductivity  of  such  samples. 

To  conclude  this  discussion,  we  can  state  unequivocally 
that  the  optical  and  electrical  properties  of  V-doped  GaAs 
are  self-consistent.  Identification  of  the  substitutional  non- 
complexed-vanadium  optical  spectra  enables  us  to  identify 
the  Ec  —  0.15  eV  level  as  the  V34  (3d2)/V2  4(3tf 3)  single 
acceptor.  Furthermore,  the  observation  of  the  intracentcr 


FIG.  7.  Photoconductivity  spectrum  of  n-type  V-doped  GaAs  oblamcd  al 

77  K. 
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V3  +  absorption  spectrum  for  all  positions  of  the  Fermi  level 
between  the  V3  +  /V2  +  acceptor  level  and  the  valence  band 
proves  that  there  is  no  other  substitutional-vanadium  level 
within  the  GaAs  energy  gap,  i.e.,  that  the  V4  +  (3 d')/ 
V3  +  ( 3 d2)  donor  level  must  be  located  within  the  valence 
band.  Figure  8  schematically  presents  all  of  the  substitution¬ 
al-vanadium  levels  in  GaAs. 


D.  Calibration  of  the  optical  spectra 


The  DLTS  and  optical-absorption  spectra  obtained 
from  low-resistivity  V-doped  GaAs  samples  provide  the 
data  necessary  to  calculate  the  optical-absorption  cross  sec¬ 
tions  (cr)  of  the  V2+(3d3)  intracenter  transitions  [Fig. 
6(b)  ].  At  liquid-helium  temperature  their  values  are  the  fol¬ 
lowing: 

o(  1.03  eV)  =  £lL0LeV).r.?ca9s  eV) 

A(  DLTS) 

=  3.5  X  10- 17  cm2  (  ±  20%)  , 

a(0.68  eV)  =  «<£•««?> 

AT  DLTS) 

=  1 .5 X  10- 17  cm2  (  ±  20%) , 

where  a  (E)  is  the  absorption  coefficient  for  the  photon  ener¬ 
gy  E,  and  AT  DLTS)  is  the  concentration  of  vanadium 
centers  obtained  from  DLTS  measurements. 

Our  as-grown  LEC  GaAs  crystal  have  a  native  defect 
acting  as  a  deep  acceptor,  which  disappears  after  a  standard 
850  °C  anneal. This  native  defect  provides  compensation  in 
as-grown  material  sufficient  to  position  the  Fermi  level  at  or 
slightly  below  the  0. 1 5-eV  vanadium  level,  resulting  in  a  V3  + 
or  mixed  absorption  spectrum;  after  annealing,  only  a  pure 
V2+  spectrum  is  observed.  We  have  used  this  phenomenon 
to  extend  our  calibration  to  the  V3  +  ( 3 d2)  main  intracenter 
transition.  Comparing  the  as-grown  and  annealed  spectra  of 
the  same  «-type  V-doped  samples,  we  were  able  to  use  the 
above  calibration  to  find  the  V1  +  (3d2)  absorption  cross  sec¬ 
tion  at  liquid-helium  temperature  as 


cr(  104  eV)  = 


a(1.04  eV)  —  a(0.97  eV) 
AT  DLTS) 


=  IX  10  lh  cm2  (  ±40%)  , 


FIG.  8.  Energy  levels  of  the 
V’*(3 d!)  and  VJ‘(3«/’) 
charge  slates  in  GaAs.  Ver¬ 
tical  arrows  represent  in- 
tracentcr  transitions  and 
the  slanted  arrow  repre¬ 
sents  the  charge  transfer 
V,*(3  dl)  +e -=> 

V!*(3 d').  The  indicated 
level  symmetries  have  been 
taken  from  Ref.  25. 


E.  Theoretical  considerations  and  comparison  with 
other  III— V  compounds 

In  addition  to  all  of  the  technological  and  experimental 
studies  of  V -doped  GaAs,  some  theoretical  calculations  have 
also  been  performed.25,27  These  calculations  were  not  only 
directed  toward  an  identification  of  a  vanadium  spin  state 
(as  was  mentioned  before),  but  also  strove  to  provide  posi¬ 
tions  of  the  energy  levels  within  the  band  gap.  The  V  '+/V2  + 
acceptor  level  has  been  calculated  to  be  at  E„  +  1.35  eV 
(Ref.  25)  and  Ev  +  1.34  eV  (Ref.  27),  respectively.  The 
V4  +  /v'+  donor  level  in  both  cases  has  been  predicted  to  be 
inside  the  valence  band;  in  one  case  its  position  could  be 
estimated  as  —  0.03  eV  (Ref.  25)  below  the  top  of  the  va¬ 
lence  band.  All  of  these  predictions  are  in  a  very  good  agree¬ 
ment  with  our  experimental  findings. 

Furthermore,  based  on  the  findings  of  Ledebo  and  Rid¬ 
ley31  and  also  of  Caldas  et  al.,n  that  the  vacuum-referred 
binding  energies  ( VRBE)  of  transition-metal  impurities  re¬ 
main  nearly  constant  within  a  given  class  of  semiconducting 
compounds  (i.e.,  Ill— V  crystals),  we  can  present  the  avail¬ 
able  data  about  substitutional-vanadium  levels  in  the  1 1 1— V 
semiconductors.  In  the  case  of  indium  phosphide,  the 
V4  +  (3d  1  )/V3  +  (id2)  donor  level  has  been  found  at 
£„  +0.21  eV  (Refs.  33  and  34)  or  £„  +  0.24 eV  (Ref.  35), 
and  the  V3+  (3d2)/V2+  (3d3)  acceptor  level  is  proposed  by 
Lambert  et  al.i 6  to  lie  in  the  conduction  band.  For  n-type 
gallium  phosphide,  the  vanadium-acceptor  level  has  only  re¬ 
cently  been  identified  at  Ec  —  0.58  eV  (Ref.  37).  Measure¬ 
ments  on p-type  GaP  should  reveal  the  vanadium-donor  lev¬ 
el  as  well. 

All  of  these  experimental  results  are  presented  in  Fig.  9 
with  the  use  of  the  electron-affinity  data  from  Ref.  32.  One 


FIG.  9.  Vacuum-related  btndtng  energies  of  the  vanadium-donor  and  -ac¬ 
ceptor  levels  in  some  III— V  compounds.  The  vanadium-donor  level  in  GaP 
has  not  yet  been  observed,  but  is  predicted  to  lie  at  4-  0  4  cV 
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can  see  excellent  agreement  between  the  reported  vanadium 
VRBEs  and  also  predict  that  the  vanadium-donor  levels  are 
located  at  about  Ev  +  0.4  eV  in  GaP  and  very  close  to  the  top 
of  the  valence  band  in  GaAs. 

It  is  also  evident  from  this  figure  that  none  of  the  substi¬ 
tutional-vanadium  levels  in  GaAs  or  InP  can  act  as  centers 
for  producing  SI  material. 

F.  Implications  for  Si  GaAs 

All  of  the  above  experimental  and  theoretical  results 
prove  that  the  substitutional  V3  +  ( 3d 2 )  /' V2  +  ( 3 d 3 )  acceptor 
level  at  Ec  —0.15  eV  is  the  only  vanadium-related  level 
found  within  the  GaAs  energy  gap.  However,  several  auth¬ 
ors  have  suggested  the  existence  of  electrically  active  vanadi¬ 
um-related  complexes  in  GaAs5'810,37”39  as  possibly  provid¬ 
ing  a  midgap  level.  Models  invoking  a  vanadium-oxygen 
complex6,7  or  a  vanadium-arsenic  vacancy  complex 10,38  have 
been  put  forth.  We  did  not  detect  any  optical  or  electronic 
evidence  of  a  vanadium-related  midgap  level  in  our  «-type 
LEC,  HB,  and  LPEE  V-doped  crystals. 

For  the  case  of  a  vanadium-arsenic  vacancy  complex 
model,10,38  it  should  be  mentioned  that  although  an  analogy 
with  a  chromium  trigonal  center  Cr2  +  -X  (see,  for  example, 
Ref.  1 )  is  used,  there  is  no  experimental  evidence  ( analogous 
to  the  known  properties  of  the  chromium  complex)  that 
such  a  vanadium  complex  exists.  There  is  also  no  definite 
proof  that  the  acoustic-paramagnetic-resonance  (APR) 
spectra38  and  the  thermally  detected  electron-paramagnetic- 
resonance  (TDEPR)  spectra39  are  vanadium  related.  The 
reported  crystals  contain  several  other  transition-metal  im¬ 
purities,  and  the  APR  and  TDEPR  measurements  give  no 
information  about  the  concentration  of  investigated  aniso¬ 
tropic  centers.  Last,  the  authors  of  this  model"1  failed  to 
grow  any  SI  V-doped  material. 

During  the  course  of  our  study,  several  HB  SI  V-doped 
crystals  were  successfully  grown  and  characterized.  We 
have  found,  however,  that  the  Fermi-level  position  in  these 
crystals  is  controlled  by  the  deep  donor  EL2,  which  is  pres¬ 
ent  in  concentrations  greater  than  that  of  substitutional  va¬ 
nadium  as  determined  from  optical-absorption  measure¬ 
ments.  Furthermore,  the  absorption  and  EPR  data  from 
these  SI  samples  are  identical  to  those  discussed  in  Sec.  C. 

All  of  these  arguments  lead  quite  clearly  to  the  conclu¬ 
sion  that  vanadium  does  not  play  an  electronic  role  in  the 
formulation  of  SI  GaAs.  The  results  do  suggest,  however, 
that  vanadium  could  play  a  more  subtle  chemical  role  (e.g., 
as  a  gettering  agent),  thus  aiding  in  the  growth  of  normal 
EL2-compensated  SI  material,  rather  than  being  directly  re¬ 
sponsible  for  its  electrical  properties.  In  Table  I  we  have 
collected  all  of  the  published  data  on  the  energy  levels  in  V- 
doped  GaAs  crystals  as  of  this  writing.  Comments  as  to  the 
actual  origin  of  the  dominant  deep  level  in  each  case  (e.g., 
V3+/V2+  or  EL2),  in  view  of  the  results  presented  in  this 
study,  are  also  included. 

IV.  CONCLUSIONS 

Through  the  use  of  DLTS,  Hall-effect,  and  optical-ab¬ 
sorption  measurements,  we  have  identified  the  substitution¬ 
al-vanadium  V3+/V2*  acceptor  level  in  GaAs  at  0.15  eV 


TABLE  I.  Deep  levels  observed  in  V-doped  GaAs. 


Energy  position 
(eV) 

Crystal  growth 
method* 

Relation  to 
vanadium 

Possible 

origtn 

Ec  —  0. 15h 

LEC,  HB,  LPEE 

acceptor 

Er  —  0. 1 4C 

LEC 

V>  *  /v;  *  acceptor 

E,  -0.14" 

HB 

V1  *  /\‘  *  acceptor 

F.c  -  0.22' 

LEC 

not  related  to  V 

EL14  or  Ti' 

£,  -  0  23J 

HB 

not  related  to  V 

ELM  or  Tir 

Er  -  0.5* 

MOCVD 

not  related  to  V 

7 

E c  -  0.77” 

LEC 

not  related  to  V 

EL2 

£,.  +  0.58' 

VPE 

not  related  to  V 

IIMI1' 

*(LEC)  liquid-encapsulated  Czochralski,  (HB)  horizontal  Bridgman. 
(LPEE)  liquid-phase  electroepitaxy,  (MOCVD)  metallo-organic  chemi¬ 
cal  vapor  deposition.  (VPE)  vapor-phase  epitaxy. 
k  References  15.  16,  and  this  study. 

'Reference  10. 
d  References  11,  12,  and  40. 
c  Reference  9. 
r  Reference  24. 

*  Reference  7. 
h  References  2  and  3. 

'  Reference  6. 

’J.  Lagowski,  D.  G.  Lin,  T.-P.  Chen,  M.  Skowronski,  and  H.  C  Gatos. 
Appl.  Phys.  Lett.  47,  929  (1985). 

k  J.  Osaka,  H.  Okamoto,  and  K.  Kobayashi,  in  Semi-Insulating  IH  Y Mate¬ 
rials.  Hakorte.  1986,  edited  by  H.  Kukimoto  and  S.  Miyazawa  (North- 
Holland/OHMSItA,  Tokyo,  1986),  p.  421. 

below  the  bottom  of  the  conduction  band.  The  substitution¬ 
al-vanadium  V4  +  /V3+  donor  level  was  found  to  be  located 
within  the  valence  band.  In  addition,  no  evidence  of  any 
midgap  level  due  to  vanadium-impurity  (defect)  complexes 
was  observed.  These  results  confirm  the  fact  that  vanadium 
cannot  provide  the  compensation  necessary  for  producing  SI 
GaAs.  The  high  resistivity  of  some  SI  V-doped  GaAs  crys¬ 
tals  can  be  readily  explained  by  the  overwhelming  presence 
of  the  native  defect  EL2.  We  believe  that  vanadium  can, 
however,  play  an  important  chemical  role  by  removing  or 
reacting  with  residual  shallow  donors  during  the  growth  of 
high-resistivity  material. 
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Optical  characterization  of  semi-insulating  GaAs:  Determination 
of  the  Fermi  energy,  the  concentration  of  the  midgap  EL2  level  and  its 
occupancy 

J.  Lagowski,  M  Bugajski,®’  M.  Matsui,b)  and  H.  C.  Gatos 

Massachusetts  Institute  of  Technology.  Cambridge,  Massachusetts  02139 

(Received  6  April  1987;  accepted  for  publication  17  June  1987) 

The  key  electronic  characteristics  of  semi-insulating  GaAs,  i.e.,  the  Fermi  energy, 
concentration,  and  occupancy  of  the  midgap  donor  EL2,  and  the  net  concentration  of  ionized 
acceptors  can  all  be  determined  from  high-resolution  measurements  of  the  EL2  intracenter 
absorption.  The  procedure  is  based  on  the  measurement  of  zero-phonon  line  intensity  before 
and  after  the  complete  transfer  of  EL2  to  its  metastable  state  followed  by  thermal  recovery. 

The  procedure  is  quantitative,  involves  no  fitting  parameters,  and  unlike  existing  methods,  is 
applicable  even  when  a  significant  part  of  the  EL2  is  ionized. 


Electronic  parameters  of  semi-insulating  (SI)  GaAs 
and  its  behavior  during  device  processing  depend  on  the  con¬ 
centration  of  the  native  deep  donor  EL2  and  the  net  concen¬ 
tration  of  ionized  acceptors.1  Currently,  the  evaluation  of 
such  pertinent  parameters  is  carried  out  employing  a  combi¬ 
nation  of  optical  and  electrical  measurements. 1-4  The  con¬ 
centration  of  EL2  is  evaluated  from  the  near-infrared  optical 
absorption,  while  Hall  effect  and  electrical  conductivity 
measurements  yield  the  Fermi  energy  from  which  the  EL2 
occupancy  can  be  calculated.  The  concentration  of  ionized 
EL2  provides,  of  course,  a  measure  of  the  net  ionized  accep¬ 
tor  concentration.  The  knowledge  of  the  Fermi  energy  is 
crucial,  since  optical  absorption  measurements  alone  cannot 
differentiate  between  changes  in  EL2  occupancy  and  EL2 
concentration.  Thus,  the  reliability  of  the  optical  absorption 
procedure  for  the  determination  of  the  EL2  concentration, 
as  commonly  employed,  is  decreased  as  the  fraction  of  the 
ionized  EL2  becomes  significant,  i.e.,  in  n-type  SI  GaAs  with 
resistivities  exceeding  10"  11  cm  and  in  p- type  SI  GaAs. 

In  this  letter  we  discuss  a  characterization  approach 
which  is  based  on  measurements  of  optical  absorption,  but  it 
is  applicable  to  both  n-  and  p- type  SI  GaAs. 

The  difference  between  the  present  approach  and  earlier 
approaches  is  twofold.  Firstly,  we  utilize  the  EL2  intracenter 
absorption  rather  than  the  total  EL2  absorption  band.  The 
intracenter  absorption  is  uniquely  related  to  the  neutral  (oc¬ 
cupied)  state  of  EL2  in  contrast  to  the  total  absorption,  in 
which  the  photoionization  transitions  from  the  occupied 
EL2  state  to  the  conduction  band  are  involved  as  well  as 
those  from  the  valence  band  to  the  ionized  EL2  state.0  Sec¬ 
ondly,  we  utilize  the  optical  excitation  of  EL2  to  its  metasta¬ 
ble  state6  in  order  to  transfer  the  entire  concentration  of  EL2 
into  the  neutral  state.  In  the  standard  approaches  the  meta¬ 
stable  state  is  used  to  determine  the  background  absorption 
which  is  not  related  to  EL2.J 

The  proposed  procedure  involves  three  steps:  ( 1 )  the  SI 
GaAs  sample  is  cooled  in  the  dark  from  room  temperature  to 
6  K;  (2)  EL2  is  optically  bleached  (with  white  light);  and 

"Oil  leave  from  Institute  of  Electron  Technology,  Warsaw,  Poland. 

"  On  leave  from  Sumitomo  Metal  Mining  Co..  Ltd.,  Tokyo,  Japan. 


(3)  the  sample  is  annealed  at  120-140  K  and  cooled  back  to 
6  K.  The  optical  absorption  spectrum  is  measured  after  each 
step  and  the  corresponding  intensities  of  the  zero-phonon 
line  (aiPL,a^ ,.L>  and  aJPL,  respectively)  are  used  for  the 
quantitative  analysis.  It  is  essential  that  the  energy  range 
from  1.037  and  1.041  eV,  corresponding  to  the  zero-phonon 
line,4  5  is  recorded  with  enhanced  resolution  and  sensitivity. 


FIG  I  6  K  optical  absorption  spectra  of  GaAs  with  the  EL2  occupancy 
fraction /=0  3  at  300  K:  I — after  cooling  from  300  K;  2 — after  absorption 
bleaching;  and  3 — after  subsequent  annealing  at  140  K  for  5  min  Inserts 
show  the  zero-phonon  line  absorption. 
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Furthermore,  the  measurements  must  be  carried  out  with 
very  low  intensity  incident  light  in  order  to  prevent  any  mea¬ 
surable  transfer  of  EL2  into  its  metastable  state  during  the 
measurements  following  steps  ( 1 )  and  (2). 

In  order  to  demonstrate  the  new  procedure  we  take  an 
example  of  undoped  SI  GaAs  with  a  relatively  low  value  of 
Hall  effect  mobility  at  300  K  (about  3000cm’/V  s)  and  very 
high  resistivity  (about  5x10"  11  cm).  In  such  material  a 
significant  fraction  of  EL2  is  expected  to  be  ionized-’  and 
thus  the  standard  optical  method  based  on  Ref.  3  is  not  read¬ 
ily  applicable.  The  optical  spectra  taken  after  steps  ( 1 ),  (2), 
and  ( 3 ) ,  and  denoted  as  ( I ) ,  ( 2 ) ,  and  ( 3 ) ,  respectively,  are 
shown  in  Fig.  1.  Spectrum  ( 1)  reflects  the  ionized  state  of 
EL2  frozen  from  room  temperature.  This  spectrum  is  differ¬ 
ent  from  the  EL2  absorption  band  characteristic  of  n-type 
conducting  GaAs  where  EL2  is  completely  neutral.  On  the 
other  hand,  the  zero-phonon  line  (see  insert)  is  clearly  ob¬ 
served  and  provides  a  measure  of  the  concentration  of  neu¬ 
tral  EL2.  Illumination  with  strong  white  light  [step  (2)[ 
eliminates  the  entire  spectrum,  including  the  zero-phonon 
line  (see  spectrum  2).  EL2  is  entirely  in  its  metastable  state 
which  is  neutral,  and  optically  inactive.  Annealing  at  140  K 
for  5  min  transforms  EL2  back  to  its  normal,  optically  ac¬ 
tive,  state,  without  changing  its  occupancy.  As  a  result,  spec¬ 
trum  (3)  corresponds  to  EL2,  which  is  entirely  neutral.  As 
can  be  seen,  about  a  threefold  increase  in  the  zero-phonon 
line  intensity  is  observed  in  comparison  to  spectrum  ( I ). 
The  whole  absorption  band  also  changes  its  shape  becoming 
similar  to  the  characteristic  absorption  of  conducting  n-type 
GaAs. 

The  zero-phonon  line  intensity  ratio  a',,,,  /«),.,  = 
provides  a  direct  measure  of  the  EL2  occupancy  factor 
/„  =  n‘|:i.:/A^Fi:  (where  and  /V,,,  represent  neutral 
and  total  EL2  concentration,  respectively ).  The  Fermi  ener¬ 
gy  with  respect  to  the  bottom  of  the  conduction  band  be¬ 
comes  El  —  E,  =  kT\n(J„  1  —  1)  +  where  E[,; 


PHOTON  ENERGY (eV) 


=  d.759  -  0.237/ 10  1  T1*  is  "effective"  F.L2  energy 
which  includes  a  contribution  from  the  degeneracy  factor.  / 1 
must  be  emphasized  that  the  occupancy  factor J,t  or  the  Fer¬ 
mi  energy  £,  can  be  used  to  determine  the  conductivity  type 
and  the  free  electron  and  hole  concentrations.  If  prior  to 
cooling  [step  ( I ) ),  the  sample  is  equilibrated  in  the  dark  at 
300  K,  the  f„  and  Et  values  can  be  taken  as  representive  of 
this  temperature.  From  existing  calculations  in  Refs.  2  and 
9,/,  and  E,  at  300  K  can  be  related  to  values  of  resistivity 
(or  conductivity),  free-carrier  concentration,  and  Hall  ef¬ 
fect  mobility. 

A  recent  high-resolution  optical  and  transient  capaci¬ 
tance  study4  of  EL2  provided  a  quantitative  relation  between 
a/vl  and  n"A , ,  i.e.,a/,,, ,  =  1.1x10  IK  cm’.  This  ratio 
is  insensitive  to  temperature  between  2  to  10  K.  The  total 
EL2  concentration  estimated  form  nr),.,  becomes  ,V, , , 
=  0.9  x  10IN «),,,  .  The  concentration  of  ionized  EL2  is  giv¬ 
en  by  =  0.9 x  101"  (a),.,  —  a,,,,  ).  Considering  elec¬ 
trical  neutrality,  the  net  concentration  of  ionized  acceptors 
we  have  is  N  A  —  ;V  ,  ( w  here  V refers  to  ionized 

donors  other  than  EL2). 

For  example,  the  set  of  electri  ;al  parameters  evaluated 
from  optical  measurements  for  the  crystal  analyzed  in  Fig.  1 
is  as  follows:  /VM  ,  =■  1.5x  10"'  cm  =  5  »  10" 

cm  \N  ,  -  N,;  =  I.Ox  10"’  cm  '.  /„  =  0.3. 

£,  -Et  —  0.73  eV,  p(  300  K)=*7xl0*  SI  cm.  -  3500 
cm’/V  s,  p(300  K.)~5x  101’  cm  '.  We  should  point  out 
that  conductivity  and  Hall  effect  measurements  yielded  re¬ 
sistivity  and  Hall  effect  mobility  values  within  20fT  from 
above  estimates. 

Application  of  the  present  approach  to  different  SI 
GaAs  with  high  Hall  effect  mobility  (//„  >  5000  crrr'/V  s) 
and  relatively  low  resistivity  (300  K  resistivity  below  10" 
11  cm)  is  illustrated  in  Fig.  2.  In  such  material  the  majority 
of  EL2  is  expected  to  be  neutral.  Indeed,  only  a  very  small 
enhancement  of  the  zero-phonon  line  intensity  w  as  observed 
after  step  (3).  Actually,  the  ratio /„  =  «,,,,  /«),,,  —  0.9s 
implies  that  only  2%  of  EL2  is  ionized.  Quantitative  analysis 
yields  the  following  values  of  the  other  parameters: 
Ef  —  Er  =  0.64  eV;  V,  , ,  =3.6x10’'’  cm  *, 

=  .V  ,  —.V,;  =  1.6  X  10"  cm-  In  this  case  the  standard 


ANNEALING  TEMPERATURE ( K) 


FIG  2.  6  K  optical  absorption  spectra  of  standard  SI  GaAs  with  majority  of  FIG.  3.  Zero-phonon  line  intensity  vs  the  annealing  temperature  of  step  (  3 1 

EL2  occupied  at  300  K  1,2.  and  3  correspond  to  the  same  conditions  as  in  used  to  recover  the  EL2  from  the  metastable  state  Filled  and  open  circles 

Fig  I  correspond  to  annealing  lime  of  10  and  1 5  min,  respectively 
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method  for  the  determination  of  EL2  concentration  from  the 
total  optical  absorption  at  A  =  1 . 06 /tm  can  be  conveniently 
employed.  Indeed,  this  standard  method  yielded  jV,  , , 
-  3.4  •  10"’ cm  '  (using  the  revised  calibration  factor  after 
Kef  4)  in  very  good  agreement  with  the  present  approach. 

It  should  be  pointed  out  that  EL2  is  the  dominant  mid¬ 
gap  level  in  GaAs  crystals  grown  by  the  standard  methods 
from  As-rieh  melts. '  Other  midgap  levels  are  present,  but  at 
concentrations  about  one  magnitude  smaller  than  that  of 
ELI.  Since  the  zero-phonon  line  employed  here  is  uniquely 
related  to  EL2  with  a  specific  signature.'  our  approach  for 
the  determination  of  the  ELI  concentration  remains  valid, 
even  in  the  presence  of  other  midgap  levels  at  concentrations 
comparable  to  those  of  EL2.  In  such  a  case,  however,  the 
concentration  of  ionized  ELI  cannot  be  taken  as  an  exact 
measure  of  concentration  of  the  net  ionized  acceptors  but 
rather  as  the  lower  limit  of  /V  4  —  A'  ^  . 

In  the  course  of  this  investigation  we  found  that  the  in¬ 
tensity  of  the  zero-phonon  line,  a,,.,  ,  reaches  a  constant 
value  for  annealing  temperatures  T,  >  110  K,  consistent 
with  the  established  EL2  behavior  in  SI  GaAs.  Beyond  220 
K..  however,  a'/Vi  decreases  significantly,  as  shown  in  Fig.  3. 
Measurements  of  thermally  stimulated  current  (TSC) 
showed  that  this  decrease  is  associated  with  the  thermal 
emission  of  holes  (trapped  during  illumination  at  low  tem¬ 
peratures  by  hole  traps  HL3.  HL9,  and  HL10)1"  and  their 
recombination  with  EL.2  electrons.  Thus,  if  relatively  shal¬ 
low  hole  traps  arc  present  at  high  densities,  a  decrease  of 
a),.,  can  in  general  take  place.  This  potentially  interfering 
process  can  be  recognized  (using  additional  TSC  measure¬ 
ments)  and  minimized  by  adjusting  the  annealing  condi¬ 
tions,  i.e.,  temperature  and  annealing  time. 


In  summary,  we  have  shown  that  high-resolution  mea¬ 
surements  of  the  1.039  eV  zero-phonon  line  can  be  very  ef¬ 
fectively  applied  for  the  optical  characterization  of  SI  GaAs 
This  approach  has  fundamental  advantages  over  the  stan¬ 
dard  optical  method  for  the  determination  of  the  EL2  con¬ 
centration  in  the  characterization  of  materials  in  which  El  2 
is  partially  ionized.  It  should  prove  particularly  useful  in  the 
characterization  of  a  new  type  of  GaAs  crystal  exhibiting 
inverted  thermal  conversion  (ITC)  in  which  very  high  resis¬ 
tivity  is  achieved  by  thermal  annealing. 1 1  The  standard  opti¬ 
cal  method  is  not  suitable  for  ITC  GaAs  because  in  this  ma¬ 
terial  a  significant  fraction  of  EL2  is  ionized. 

The  authors  are  grateful  to  the  National  Aeronautics 
and  Space  Administration  and  to  the  Air  Force  Office  of 
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Effect  of  plastic  deformation  on  electronic  properties  of  GaAs 
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A  systematic  study  of  plastically  deformed  (in  compression)  GaAs  was  carried  out  employing 
deep-level  spectroscopies,  optical  absorption,  and  electronic  transport  measurements. 
Deformation-induced  changes  in  the  free-carrier  concentration,  the  mobility,  and  occupation 
of  deep  levels  were  associated  with  a  deep  acceptor  defect.  Changes  of  the  optical  absorption  in 
deformed  samples  were  found  to  be  due  to  a  localized  stress  field  of  dislocations  rather  than 
transitions  via  localized  levels.  No  evidence  was  found  of  any  meaningful  increase  (  >  2  X  10'5 
cm-3)  of  the  concentration  of  EL2  or  other  midgap  donors  for  deformation  up  to  about  3%. 
Thus,  it  is  evident  that  the  enhancement  of  the  electron  paramagnetic  resonance  signal  of  the 
arsenic  antisite  AsGa  in  deformed  semi-insulating  GaAs  must  be  due  to  the  increased 
ionization  of  Asr„  rather  than  the  generation  of  new  antisite  defects. 


I.  INTRODUCTION 

The  relatively  low  mechanical  strength  of  GaAs  (the 
critical  resolved  sheer  stress  about  one  order  of  magnitude 
smaller  than  that  of  silicon )  causes  melt-grown  crystals  to  be 
very  susceptible  to  plastic  deformation  induced  by  thermal 
gradients.1,2  The  magnitude  of  thermal  stresses  can  be  par¬ 
ticularly  large  in  crystals  grown  by  liquid  encapsulated 
Czochralski  (LEC).  The  dislocation  density,1-3  the  electri¬ 
cal  resistivity,4  and  the  optical  transmissivity5,6  in  such  crys¬ 
tals  exhibit  spatial  variations  which  often  resemble  the  char¬ 
acteristic  pattern  of  thermal  stress.  Similar  patterns  were 
also  found  in  the  leakage  current7,8  and  the  threshold  voltage 
variations  of  the  enhancement  mode  field-effect  transistors9 
produced  on  semi-insulating  (SI)  LEC  wafers.  The  under¬ 
standing  of  these  practically  and  fundamentally  important 
results  is  at  present  very  limited.  In  most  instances  it  is  not 
clear  whether  they  reflect  real  cause  to  effect  relations  or 
coincidental  processes  only. 

A  number  of  investigations  carried  out  in  recent  years 
was  devoted  to  the  effects  of  plastic  deformation  on  elec¬ 
tronic  properties  of  GaAs.10-22  Deformation-induced  deep 
levels,  and  especially  the  main  native  deep  donor  EL2  and 
the  related  antisite  defect  AsG, ,  were  focal  points  in  these 
studies.113'15  Early  results  obtained  with  deep-level  transient 
spectroscopy  (DLTS)  seemed  to  indicate  an  increase  of  EL2 
concentration  during  plastic  deformation.13  Electron  para¬ 
magnetic  resonance  (EPR)  measurements  on  deformed  SI 
GaAs  crystals  also  showed  an  enhancement  of  the  character¬ 
istic  quadruplet  line  assigned  to  the  singly  ionized  state  of  the 
arsenic  antisite  AsCl .' 1,12,17  The  similarity  between  the  pho¬ 
toquenching  of  the  EPR  signal  and  the  EL2-related  photoca¬ 
pacitance  spectra  was  taken  as  evidence  of  the  common  de¬ 
formation  related  origin  of  the  arsenic  antisite  and  EL2.12 
More  recent  results  of  DLTS18,19  and  of  the  optical  absorp- 
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tion20  imply  that  the  EL2  concentration  increases  only  very 
little  (if  at  all)  after  plastic  deformation.  This  finding  con¬ 
trasted  with  the  behavior  of  the  EPR  signal  and  led  to  a 
hypothesis  of  different  antisite  complexes,  all  of  which  con¬ 
tribute  to  the  EPR  quadruplet,  but  only  some  to  EL2.21 
However,  it  has  been  pointed  out  that  the  enhancement  of 
the  EPR  signal  may  be  caused  by  deformation-induced  ac¬ 
ceptors  which  increase  the  concentration  of  ionized  antisite 
As  22 

ASGf 

The  present  study  addresses  the  question  of  deforma¬ 
tion-induced  midgap  donors,  the  acceptors,  and  their  effects 
on  deep  donor  occupation.  Optical  and  electronic  properties 
of  plastically  deformed  GaAs  were  investigated  employing  a 
series  of  n-type,  SI,  and  p-type  crystals,  which  enables  the 
separation  between  the  creation  of  new  deep  levels  and  the 
changes  in  population  of  the  levels  already  present  prior  to 
deformation.  Our  experimental  approach  combined  the 
measurements  of  DLTS  (or  thermally  stimulated  current 
for  SI  samples),  Hall  effect,  and  optical  absorption  per¬ 
formed  on  the  same  samples.  In  addition,  deformed  samples 
were  subsequently  subjected  to  thermal  annealing  in  order  to 
evaluate  the  stability  of  deformation-induced  defects. 

II.  EXPERIMENT 
A.  Sample  preparation 

Conducting  n-  and  p-type  crystals  used  in  this  study 
were  grown  from  the  melt  in  this  laboratory.  For  n-type  sam¬ 
ples  selenium  was  used  as  a  dopant,  and  the  resulting  net 
carrier  concentration  was  5-10x  1016  cm-3.  The  mobility 
was  in  excess  of  3000  cm2/V  s.  p- type  crystals  were  doped 
with  zinc.  Two  sets  of  samples  were  used  with  300-K  hole 
concentration  of  5x  1015  and  5x  1016  cm-3,  respectively. 
The  dopant  concentration  in  all  cases  was  low  enough  to 
prevent  the  effects  of  impurity  hardening  and  to  avoid 
changes  in  the  mechanical  properties  of  the  crystals.  Prior  to 
deformation,  whole  ingots  were  annealed  for  12  h  at  850  'C 
under  As  overpressure  to  assure  thermal  stability  of  the 
starting  material  and  to  relieve  any  residual  built-in  stress. 
The  ingots  were  subsequently  cut  in  the  form  of  rectangular 
slabs  4x4x7  mm3  with  the  long  axis  (111),  (110),  or 
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„(  100)  being  in  the  direction  of  applied  stress.  Each  sample 
used  in  the  experiment  had  its  own  reference  sample  cut  in 
the  immediate  vicinity  from  the  same  crystal.  The  reference 
samples  have  undergone  the  same  thermal  treatment  as  the 
deformed  specimens  to  precisely  determine  the  effects  of  de¬ 
formation. 

The  samples  for  capacitance  measurements  were  lapped 
and  chemically  polished,  and  immediately  afterward  were 
placed  in  the  evaporator.  For  n-  and p- type  GaAs  the  metal- 
semiconductor  Schottky  diodes  were  formed  by  evaporation 
of  gold  and  aluminum,  respectively.  All  diodes  were  careful¬ 
ly  tested  for  the  leakage  current  density  and  the  breakdown 
voltage. 


B.  Plastic  deformation 

Deformation,  in  a  compression  mode,  was  performed  at 
400  °C  in  an  “Instron”  tensile  machine  equipped  with  a  load 
cell.  The  sample  with  the  length  l0  of  7  mm,  was  placed 
between  two  alumina  cylinders  located  inside  the  resistance 
furance  which  controlled  the  sample  temperature  within 
5  °C.  Deformation  was  realized  by  compressing  the  sample 
at  a  constant  rate  dl  /dt  of  0.05  mm/min.  The  load  cell  was 
used  to  monitor  the  applied  force.  All  samples  used  in  this 
study  showed  a  gradual  increase  in  the  compression  stress 
and  a  monotonic  decrease  of  the  length.  The  samples  with 
irregular  response  to  deformation  were  rejected  from  further 
study  since  they  might  have  contained  internal  cracks.  The 
degree  of  deformation  A /  //0  was  determined  by  careful  mea¬ 
surements  of  sample  length  l0  before  and  /,  after  deforma¬ 
tion.  For  easy  comparison  a  deformation  was  realized  in  all 
three  directions,  ( 100),  ( 1 10),  and  (111),  employed  in  pre¬ 
vious  studies.  '°~22  The  degree  of  deformation  A  /  //0  was  var¬ 
ied  between  0%  and  4%. 


C.  Characterization 

Plastically  deformed  and  reference  samples  were  sub¬ 
jected  to  identical  electrical  and  optical  characterization. 
Thus,  the  electrical  conductivity  and  Hall-effect  measure¬ 
ments  were  performed  using  van  der  Pauw  configuration. 
Optical  absorption  measurements  were  done  with  a  near- 
infrared  high-resolution  spectrometer.  The  sample  was 
placed  on  a  cold  finger  in  a  variable  temperature  liquid-He 
cryostat.  Absorption  spectra  were  measured  using  very  low- 
intensity  incident  light  in  order  to  prevent  EL2  transfer  into 
the  metastable  state.  Deep-level  characterization  was  car¬ 
ried  out  with  standard  deep-level  transient  capacitance  mea¬ 
surements  using  a  box-car  averager.  Optical  deep-level  tran¬ 
sient  capacitance  spectroscopy  was  also  employed  for  the 
hole  trap  determination  in  n-type  GaAs.  Deep  levels  in  semi- 
insulating  GaAs  were  analyzed  by  the  thermally  stimulated 
current  technique.  Low-temperature  photoluminescence 
measurements  were  carried  out  on  deformed  and  reference 
samples.  They  showed  no  detectable  contamination  with 
common  transition-metal  impurity  acceptors  Cu  and  Mr. 
after  the  heat  treatment  involved  in  a  plastic  deformation. 


00!  0.0S  0.03 


Deformation,  aI/I„ 

FIG.  1 .  Electron  removal  An  vs  the  degree  of  deformation  A/  /I#  Full  circles 
and  full  triangles  correspond  to  n-type  samples  deformed  along  (111)  and 
( 1 10)  directions,  respectively.  Open  circles  correspond  to  p-type  samples 
deformed  in  the  ( 1 1 1 )  direction.  Open  triangle  denotes  the  magnitude  of 
electron  removal  from  EL2  in  the  ( 100)  direction. 

III.  RESULTS  AND  DISCUSSION 
A.  Free-carrier  concentration 

Plastic  deformation  results  in  a  significant  decrease  of 
the  free-electron  concentration  n  in  n-type  samples;  how¬ 
ever,  it  has  only  a  minor  effect  on  the  free-carrier  concentra¬ 
tion  in  semi-insulating  GaAs  and  practically  no  effect  on  the 
free-hole  concentration  p  in  />-type  GaAs.  The  net  decrease 
in  the  majority-carrier  concentration  determined  at  300  K 
from  Hall-effect  and  conductivity  measurements  is  given  in 
Fig.  1  as  a  function  of  the  deformation  A /  //„. 

For  rr-type  samples  electron  concentration  decreases 
linearly  with  deformation.  The  same  qualitative  trend  was 
observed  previously  for  GaAs  plastically  deformed14  or  irra¬ 
diated  with  electrons.23  It  was  tentatively  interpreted  as  a 
result  of  the  creation  of  new  acceptor-type  defects.  These 
stress-induced  acceptors  NA  would  compensate  shallow  do¬ 
nors  Nd  ,  causing  a  decrease  in  the  electron  concentration, 
n  =  Nd  —  Na  .  In  addition,  the  negatively  charged,  filled  ac¬ 
ceptors  should  increase  the  ionized  impurity  scattering, 
leading  to  a  decrease  in  the  electron  mobility.  Indeed,  in 
deformed  samples  a  large  decrease  of  electron  mobility,  fi„ , 
was  observed.  For  example,  for  A/  /l0  =  0.014  the  300-K  mo¬ 
bility  ji„  dropped  to  1900  cm2  V  s  from  3800  cm2/V  s  prior 
to  deformation  (Table  I).  According  to  the  GaAs  mobility 
table  from  Ref.  24,  this  would  correspond  to  an  increase  of 
the  total  concentration  of  the  ionized  centers  by  about 


TABLE  I.  Effect  of  plastic  deformation  on  300-K  free-carrier  concentra¬ 
tion  and  mobility. 


Before  deformation 

After  deformation 

A  ///„(%) 

n  (cm"') 

5.0x10“ 

3.1X10“ 

1.5 

M ,  (cm:/V  s) 

3800  ±  200 

1900  ±200 

p  (cm'5) 

3.1x10“ 

3.5X10“ 

2.9 

(cnr/Vs) 

160  ±  40 

190  ±  40 
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5x  1017  cm-3.  This  concentration  appears  much  too  high, 
and  the  low  mobilities  in  deformed  crystals  must  result  from 
inhomogeneous  distribution  of  stress-induced  scattering 
centers,  and  possibly  also  from  the  scattering  of  free  carriers 
by  dislocations.  The  profound  effect  of  macroscale  inhomo¬ 
geneities  on  the  Hall-effect  mobility  in  GaAs  was  recently 
demonstrated  in  Ref.  25.  The  mobility  increase  in  deformed 
samples  after  thermal  annealing  (which  eliminates  deforma¬ 
tion-induced  acceptors)  implies  that  mobility-limiting  inho¬ 
mogeneities  are  due  to  nonuniform  distribution  of  stress- 
induced  acceptors. 

For  p-type  samples  (open  circles  in  Fig.  1)  no  signifi¬ 
cant  change  in  hole  concentration  was  observed.  This  behav¬ 
ior  is  consistent  with  the  interpretation  for  n-type  samples 
providing  that  the  stress-induced  acceptors  are  sufficiently 
deep  not  to  be  ionized  in  p-type  material.  From  the  Fermi 
energy  EF  —  Eu  =0.2  eV  in  our  samples  we  conclude  that 
the  acceptors  must  be  located  at  energy  exceeding  0.2  eV 
above  the  valence  band.  As  electrically  neutral  these  accep¬ 
tors  have  no  effect  on  the  hole  concentration,/?  =  NA  —  ND . 
From  the  results  for  p- type  GaAs  we  also  conclude  that  no 
donor-type  defects  are  introduced  by  plastic  deformation  in 
the  same  energy  range  (  5  0.2  eV  above  the  valence  band ) .  In 
p-type  material  such  donors  would  be  ionized,  causing  a  de¬ 
crease  in  the  free-hole  concentration  A p=  —  AArD,  in  con¬ 
trast  with  an  experimental  observation  that  Ap=0. 

Electronic  transport  in  SI  GaAs  is  by  far  more  sensitive 
to  electrical  inhomogeneities  than  that  in  conducting  crys¬ 
tals  (due  to  the  lack  of  free-carrier  screening  of  localized 
potentials).  Accordingly,  the  deformation-induced  changes 
in  electronic  characteristics  of  SI  GaAs  were  determined 
employing  the  optical  method26  for  determination  of  the 
Fermi  energy  and  free-carrier  concentration  from  low-tem¬ 
perature  measurements  of  the  zero  phonon  line  of  the  EL2 
intracenter  absorption.27,28  Detailed  results  are  discussed  in 
the  subsequent  section.  We  conclude  from  them  that  as  a 
result  of  plastic  deformation,  the  Fermi  energy  in  SI  GaAs 
drops  down  below  the  middle  of  the  energy  gap.  Electron 
concentration  decreases  and  for  a  higher  degree  of  deforma¬ 
tion  the  material  becomes  lightly  p  type.  However,  in  abso¬ 
lute  scale  A p  and  A rt  are  only  of  the  order  of  107  cm-3. 
However,  in  SI  GaAs  the  deformation-induced  acceptors 
are  ionized;  they  are  expected  to  be  compensated  by  an  in- 


FrG  2.  DLTS  spectra  corresponding  to  electron  traps  tn  deformed  and  ref¬ 
erence  samples  of  n-t>pe  GaAs.  Gate  settings  r,/r;  =  20  ms/40  ms 


creased  degree  of  ionization  of  the  midgap  EL2  donor 
(AnEI2  =*NA  )  rather  than  by  a  change  in  the  free-carrier 
concentration. 

Thus,  it  is  seen  that  the  effects  of  plastic  deformation  on 
the  free-carrier  concentration  are  all  consistently  explained 
in  terms  of  deformation-induced  deep  acceptors.  They  also 
strongly  imply  that  no  donor  levels  (including  the  arsenic 
antisite  AsGa  defect  expected  to  act  as  a  double  donor)  are 
introduced  in  GaAs  by  plastic  deformation. 

B.  Deep-level  transient  spectroscopy 

Typical  DLTS  spectra  of  deformed  and  reference  sam¬ 
ples  are  presented  in  Fig.  2.  They  show  EL2  and  EL5  elec¬ 
tron  traps  typical  for  melt-grown  GaAs.  However,  no  new 
electron  traps  were  detected  in  deformed  samples  under  the 
same  experimental  conditions;  the  DLTS  peak  heights  in 
deformed  samples  were  larger  than  in  reference  samples.  To¬ 
tal  capacitance  values  of  the  diodes  were  also  changed  after 
deformation.  Both  of  these  changes  were  caused  by  a  de¬ 
crease  in  the  net  concentration  of  ionized  centers 
(A'd  —  Na  ).  When  the  correction  factors28  for  the  conver¬ 
sion  of  DLTS  peak  heights  to  the  trap  concentration  were 
taken  into  account,  the  same  values  of  EL2  and  EL5  concen¬ 
trations  were  found  in  deformed  and  reference  samples. 
Identical  behavior  was  observed  for  all  three  deformation 
directions,  ( 100),  ( 1 10),  and  ( 1 1 1 ).  An  estimated  10%  un¬ 
certainty  in  DLTS  measurements  of  EL2  concentration 
yielded  an  experimental  error  AA'EL2  =  ±  2x  1015  cm-3. 
The  deformation-induced  EL2  concentration  changes  pre¬ 
viously  reported  for  deformed  epitaxial  layers14  and  hori¬ 
zontal  Bridgmann  crystals10  fall  within  this  range.  There¬ 
fore,  one  can  safely  estimate  the  upper  limit  for  changes  in 
EL2  concentration  upon  plastic  deformation  A /  //0  up  to  3% 
to  be  A,Veu  <  2  X  101J  cm-3.  To  our  knowledge,  the  results 
in  Ref.  13  (clearly  inconsistent  with  all  other  published 
data)  are  the  only  exception  to  this  rule. 

C.  Optical  DLTS  measurements 

Hole  traps  located  in  the  lower  half  of  the  energy  gap 
were  studied  employing  optical  DLTS  (ODLTS).  Optical 
pulses  filling  the  traps  with  photoexcited  minority  carriers 
were  provided  by  the  chopped  light  from  a  YAG  cw  laser. 
The  main  limitation  of  this  method  is  that  the  light  does  not 
fill  the  traps  completely.  The  equilibrium  occupation  of  the 
trap  in  the  depletion  region  under  intense  illumination  is 
p,  =  Ntcr„/(cr„  +  ap),  where  ap  and  on  are  photoioniza¬ 
tion  cross  sections  for  holes  and  electrons,  respectively. 
Since  crn/(ap  +  crn)  <  1,  the  peak  heights  in  ODLTS  spectra 
underestimate  the  absolute  value  of  the  trap  concentration, 
.V, .  However,  the  peak  height  can  be  reliably  used  to  mea¬ 
sure  a  relative  change  in  the  concentration  of  a  given  trap 
and  to  estimate  the  lower  limit  of  trap  concentration. 

The  typical  ODLTS  spectra  of  deformed  and  reference 
n-type  samples  are  shown  in  Fig.  3.  Both  electron  and  hole 
traps  were  observed  as  positive  and  negative  peaks,  respec¬ 
tively.  The  position  of  the  major  electron  trap  coincides  with 
the  EL2  peak  in  the  DLTS  spectrum  measured  at  the  same 
gate  setting  t ,/r,  =  20  ms/40  ms.  The  hole  trap  spectrum  for 
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FIG.  3.  Optical  DLTS  spectra  in  deformed  and  reference  samples  of  rt- type 
GaAs.  Components  of  deconvoluted  hole  trap  ODLTS  peak  are  shown  with 
dotted  curves.  Gate  settings  /,//,  =  20  ms/40  ms. 

the  reference  sample  shows  only  two  bands  from  150  to 
220  K  and  between  250  and  330  K,  respectively.  The  spec¬ 
trum  of  the  deformed  crystal  is  dominated  by  a  large  wide 
band  peaked  at  about  290  K  (gate  setting  20  and  40  ms).  As 
shown  in  Fig.  3,  the  total  ODLTS  band  between  200  and  350 
K  can  be  deconvoluted  into  three  components  with  peaks  at 
320,  290,  and  260  K.  The  corresponding  emission  rate  acti¬ 
vation  energy  could  be  estimated  only  for  a  dominant  290-  K 
peak.  This  estimation,  EA  =0.45  eV,  carries  a  large  error  of 
about  ±  0. 1  eV  due  to  overlapping  of  the  peaks  which  limits 
a  temperature  range  useful  for  construction  of  individual 
Arhennius  plots.  This  trap  is  similar  to  the  deformation- 
induced  hole  trap  HB  reported  in  Ref.  10.  The  slight  differ¬ 
ence  in  DLTS  peak  position  is  due  to  a  different  gate  setting 
(f,/f2  =  1.95  ms/7.8  ms)  used  in  Ref.  10. 

As  shown  in  Fig.  4,  the  concentration  of  this  trap  in¬ 
creases  linearly  with  deformation.  As  pointed  out  above, 
ODLTS  does  not  give  the  absolute  value  of  the  trap  concen¬ 
tration,  but  only  its  lower  limit.  For  the  0.45-eV  trap  this 
limit  is  about  1 X  10'6  cm-3  for  A/ //„  =  2%.  A  similar  esti¬ 
mation  for  the  combined  concentration  of  other  deforma¬ 
tion-induced  traps  ( i.e.,  the  components  of  the  deconvoluted 
spectrum  in  Fig.  3 )  yields  the  value  >  1.5  X 10“  cm-3.  Total 
hole  trap  concentration  £  2.5  X 10“  cm-3  at  A l/l0  =  2%  is 
in  good  agreement  with  the  total  acceptor  concentration 
Na  =4x  10“  cm-3  required  to  account  for  the  electron  re¬ 
moval  data  shown  in  Fig.  1. 


FIG.  5.  Thermally  stimu¬ 
lated  current  spectra  of  de¬ 
formed  (upper  spectrum) 
and  reference  (lower  spec¬ 
trum)  samples  of  SI  GaAs. 


D.  Thermally  stimulated  current 

The  thermally  stimulated  current  (TSC)  method  is 
especially  useful  for  the  study  of  electron  and  hole  traps  in 
high-resistivity  materials29  where  standard  DLTS  and  ca¬ 
pacitance  ODLTS  are  not  readily  applicable.  The  method 
employs  optical  excitation  of  excess  carriers  at  low  tempera¬ 
ture.  Subsequent  continuous  temperature  increase  in  the 
dark  leads  to  a  release  of  carriers  from  traps  and  creates 
peaks  of  the  electric  current  versus  temperature. 

TSC  spectra  of  the  deformed  and  reference  samples  are 
shown  in  Fig.  5.  The  presence  of  three  new  deformation- 
induced  traps  is  evidenced  by  TSC  peaks  at  125, 160,and240 
K.  These  temperatures  correspond  roughly  to  trap  energies 
of  0.3,  0.4,  and  0.6  eV,29  which  is  in  good  agreement  with 
hole  traps  observed  by  the  optical  DLTS  in  deformed  sam¬ 
ples  of  n-type  GaAs. 

E.  Optical  absorption 

Optical  absorption  spectra  measured  at  77  K  on  n-type 
GaAs  samples  undeformed  and  plastically  deformed  to  dif¬ 
ferent  A /  //„  values  are  shown  in  Fig.  6.  The  spectrum  of  the 
reference  sample  is  a  typical  EL2-related  absorption  ob¬ 
served  in  the  melt-grown  GaAs.27-28-30  The  near-infrared 
part  of  this  spectrum  originates  from  EL2  photoionization 
with  the  onset  at  about  0.8  eV.  Intracenter  EL2  transitions' 
(shadowed  area)  for  1.0  <  hv<  1.3  eV  superimposed  on  the 
photoionization  background  produce  an  absorption  bulge 
around  1 . 2  e V.  It  is  evident  from  Fig.  6  that  the  plastic  defor- 


FIG.  4.  Concentration  of 
the  dominant  deformation- 
induced  bole  trap  (ODLTS 
peak  at  about  290  K )  vs  the 
deformation  Af//o- 


F1G.  6.  77-K  optical  ab¬ 
sorption  spectra  of  n-type 
GaAs  for  different  defor¬ 
mation  A/  //„.  Dashed  area 
on  the  spectrum  of  unde¬ 
formed  reference  samples 
denotes  the  EL2  intra¬ 
center  absorption. 
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FIG.  7.  Low-temperature 
(6  K)  optical  absorption 
spectra  of  n-type  GaAs  de¬ 
formed  to  SI //0  =  2.2%. 


FIG.  9.  Energy  dependence 
of  the  deformation-induced 
unquenchable  change  tn 
the  optical  absorption  coef¬ 
ficient.  Points,  experimen¬ 
tal;  line,  theoretical  depen¬ 
dence  for  optical 
absorption  due  to  disloca¬ 
tions. 


,  In  (E,  -  h*>  — 


mation  significantly  changes  an  overall  shape  of  the  absorp¬ 
tion  spectrum,  introducing  a  featureless  absorption  back¬ 
ground  which  increases  monotonically  toward  the  energy 
gap.  The  EL2  contribution  to  absorption  in  deformed  sam¬ 
ples  can  still  be  separated  using  optical  quenching  at  low 
temperature  which  transfers  the  EL2  into  an  optically  inac¬ 
tive  metastable  state.  The  quenchable  absorption  (i.e., 
a ,  —  a 2,  in  Fig.  7 )  corresponds  to  EL2  while  the  unquencha¬ 
ble  part  (a2  in  Fig.  7)  corresponds  to  other  absorption  pro¬ 
cesses.  Employing  optical  quenching  by  a  strong  white  light 
illumination  for  10  min  at  6  K  we  have  found  that  for  ail 
plastically  deformed  a -type  samples,  the  spectral  shape  and 
the  intensity  of  the  quenchable  part  (a,  —  a2)  were  the  same 
as  that  for  the  reference  sample.  The  monotonically  increas¬ 
ing  (with  hv)  absorption  component  (a2  in  Fig.  7)  became 
clearly  visible  after  quenching  of  the  absorption. 

The  magnitude  of  quenchable  absorption  and  total  ab¬ 
sorption  change  Aa  =  a(  1.2  eV)  —  a  (0.7  eV)  are  shown  in 
Fig-  8.  The  quenchable  absorption  remains  constant  over  the 
entire  deformation  range.  However,  the  total  absorption 
change,  A a,  increases  linearly  with^he  deformation  A ///„. 
Without  spectral  measurements  combined  with  optical 
quenching,  the  increase  of  A a  could  easily  be  taken  as  appar¬ 
ent  proof  of  the  increase  in  EL2  concentration.  [  Note  that  it 
is  a  standard  practice  in  GaAs  to  assume  that  the  entire  sub¬ 
band-gap  absorption  originates  from  EL2.  Thus,  the  differ¬ 
ence  in  absorption  for  two  photon  energies  Aa 
=  a(1.2eV)  —  a(0.7eV)  is  treated  as  a  measure  of  the 
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FIG.  S.  Deformation-induced  change  in  the  absorption  coefficient;  total 
change,  dark  circle  and  broken  line;  EL2-related  quenchable  absorption, 
light  circles  and  solid  line.  Measurements  at  6  K. 


EL2  concentration.]  In  fact,  the  deformation-induced  ab¬ 
sorption  change  has  nothing  to  do  with  either  EL2  or  any 
other  localized  deep  level.  First  of  all,  the  same  unquencha¬ 
ble  absorption  was  observed  in  deformed  samples — n  type, 
semi-insulating,  and  p  type,  i.e.,  irrespective  of  the  Fermi 
energy  shift  from  the  bottom  of  the  conduction  band  to  the 
top  of  the  valence  band.  It  is  very  unlikely  that  the  spectral 
shape  and  the  intensity  of  any  photoionization  in  GaAs 
could  remain  the  same  when  the  level  involved  undergoes  a 
change  from  occupied  to  empty.  Secondly,  as  shown  in  Fig. 
9,  the  deformation-induced  absorption  satisfies  a  specific 
spectral  dependence  A aD  =  K  x  (Et  —  hv) -2,  incompati¬ 
ble  with  standard  deep-level  transitions.31  However,  this  de¬ 
pendence  was  previously  observed  in  plastically  deformed 
direct  band-gap  semiconductors  (GaAs  and  CdSe)  and  was 
explained  in  terms  of  a  deformation  potential  model  which 
considered  a  decrease  in  the  energy  gap  Eg  in  the  stress  field 
of  dislocations.32 


F.  1 ,039-eV  zero  phonon  line 

Low-temperature  high-resolution  measurements  of  op¬ 
tical  absorption  have  shown  that  the  plastic  deformation 
changes  the  shape  and  the  intensity  of  the  characteristic 
1.039-eV  zero  phonon  line  (ZPL)  located  at  the  onset  of  the 
EL2  intracenter  transition.27  The  results  presented  in  Fig.  10 
were  obtained  with  semi-insulating  GaAs  deformed  in  the 
( 100)  direction  with  A / //„  =  0.013.  With  respect  to  the  un¬ 
deformed  sample  the  peak  position  is  shifted  to  a  slightly 
higher  energy.  In  addition,  the  line  broadens  and  it  can  be 
deconvolved  into  three  components.  This  behavior  is  con¬ 
sistent  with  the  splitting  pattern  of  the  line  under  applied 
stress.33  Thus,  for  the  stress  applied  in  the  ( 100)  direction 


FIG.  10.  High-resolution  6-K  spectra 
of  the  zero  phonon  line  of  the  EL2  in- 
tracenter  absorption  in  SI  GaAs.  Up¬ 
per  spectrum,  before  deformation; 
lower  spectrum,  after  deformation  to 
Sl/L  =  1.4%. 
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one  expects  a  slight  shift  of  the  line  to  higher  energy  resulting 
from  two  unresolvable  line  components  moving  upwards  in 
energy.  The  additional  two  components  must  result  from 
stresses  in  the  ( 1 1 1 )  and  ( 1 10)  directions  (both  of  which 
split  the  line  into  high-  and  low-energy  components)  asso¬ 
ciated  w  ith  the  not  exactly  uniaxial  character  of  plastic  de¬ 
formation.  Residual  stresses  present  in  the  sample  after  de¬ 
formation  may  be  associated  with  stress  fields  around 
dislocations  discussed  in  conjunction  with  a  deformation- 
induced  optical  absorption  tail. 

It  should  be  noted  that  the  presently  observed  behavior 
of  the  zero  phonon  line  may  account  for  an  apparent  com¬ 
plex  character  of  the  line  in  some  of  the  crystals  in  terms  of 
the  stress-induced  effects. 

In  «-type  GaAs  the  broadening  of  ZPL  is  the  only  stress- 
induced  effect.  However,  in  semi-insulating  crystals  an  addi¬ 
tional  phenomenon  is  observed  which  proves  the  importance 
of  the  deformation-induced  shift  of  the  Fermi  energy.  As 
discussed  in  detail  elsewhere,26  the  liquid-He  measurements 
of  the  zero  phonon  line  in  GaAs  directly  after  cooling,  a'zv^_ , 
and  after  optical  bleaching  followed  by  10-min  annealing  at 
140  K,  £z|pl,  yield  the  EL2  occupancy  fraction 
tj =«zpL/azPL-  (This  approach  is  based  on  the  fact  that  the 
ZPL  measures  th£  concentration  of  occupied  EL2  and  that 
the  complete  transition  to  a  metastable  state  leaves  all  EL2  in 
an  occupied  state. )  As  shown  in  Table  II,  the  EL2  occupan¬ 
cy  fraction  in  reference  crystal  is  77  =  0.95,  while  after  plastic 
deformation  it  drops  down  to  about  0.45.  The  increase  in 
ionized  EL2  concentration,  A,VEL;,  must  be  equal  to  a  net 
concentration  of  the  ionized  acceptors  ANa  introduced  by  a 
deformation.  The  experimental  point  marked  in  Fig.  1  with 
an  open  triangle  corresponds  to  this  value. 

It  is  of  importance  to  note  that  the  presently  proven 
downward  shift  of  the  Fermi  energy  in  deformed  SI  GaAs 
(caused  by  deformation-induced  acceptors  in  the  lower  half 
of  the  energy  gap)  provides  a  missing  link  in  explanation  of 
the  apparently  conflicting  findings:  i.e.,  the  lack  of  increase 
of  the  EL2  concentration  and  an  increase  in  EPR  signal  of  an 
ionized  antisite  defect  AsG,  clearly  related  to  EL2.I7  J1'2J  It 
is  now  evident  that  an  increase  of  EPR  signal  results  from  an 
increase  in  the  fraction  of  ionized  AsG»  defects  rather  than 
the  increase  of  the  total  antisite  concentration. 

G.  Annealing 

Plastically  deformed  samples,  after  characterization, 
were  annealed  at  several  temperatures  between  600  and 
900  *C.  The  annealing  was  performed  in  a  closed  quartz  am¬ 
pul  with  a  controlled  arsenic  pressure,  corresponding  to 
equilibrium  conditions.  After  annealing  the  samples  were 
repolished  and  characterized  again. 


We  found  that  prolonged  annealing  at  800  or  850  ”C 
eliminated  all  deformation-induced  changes  in  electrical 
properties.  The  most  important  effect  of  annealing  was  per¬ 
haps  the  total  disappearance  of  the  0.45-eV  hole  trap.  The 
ODLTS  spectrum  of  the  deformed  and  subsequently  an¬ 
nealed  sample  ( 10  h  at  850  CC)  was  virtually  identical  to  the 
reference  sample  shown  in  Fig.  2(b).  According  to  the  dis¬ 
cussion  in  Sec.  Ill  A  and  III  B,  this  acceptor  clearly  contrib¬ 
utes  to  free-electron  removal  and  possibly  also  to  a  decrease 
in  electron  mobility.  In  fact,  after  annealing,  the  carrier  con¬ 
centration  and  the  mobility  recovered  to  their  predeforma¬ 
tion  values. 

DLTS  and  optical  absorption  measurements  have  led  to 
a  new  observation  of  a  decrease  in  the  EL2  concentration 
during  annealing  of  deformed  samples.  Figure  1 1  presents 
the  results  of  optical  absorption  measurements  on  deformed 
and  annealed  samples.  All  spectra  show  a  consistent  trend, 
namely,  the  EL2  absorption  band  steadily  decreases  with 
increasing  deformation  A l/l0.  For  samples  deformed  by 
1.4%,  only  half  of  the  original  EL2  absorption  is  preserved. 
The  samples  used  in  those  measurements  were  all  n  type 
after  annealing  with  carrier  concentration  in  the  10l6-cm-3 
range.  Therefore,  all  EL2  centers  were  filled  with  electrons, 
and  consequently  the  decrease  of  the  absorption  band  w  as  a 
direct  measure  of  the  decrease  in  the  EL2  concentration. 

Similar  results  were  also  obtained  with  DLTS.  They  are 
summarized  in  Fig.  12  together  with  the  results  from  optical 
measurements.  It  is  clear  that  although  deformation  itself 
does  not  change  the  EL2  concentration,  subsequent  anneal¬ 
ing  of  deformed  samples  leads  to  partial  EL2  annihilation. 
Because  in  undeformed  samples  the  EL2  defect  was  stable 
up  to  900  “C,  this  annihilation  must  result  from  the  interac¬ 
tion  of  EL2  with  stress-induced  defects,  dislocations,  and/or 
native  defects.  The  exact  nature  of  this  interaction  is  not 
known  at  present. 

IV.  SUMMARY  AND  CONCLUSIONS 

The  introduction  of  deep  acceptors  is  the  most  impor¬ 
tant  primary  effect  which  is  responsible  for  most  of  the  de¬ 
formation-induced  changes  in  electronic  properties  of 
GaAs.  In  n- type  GaAs  the  acceptors  are  ionized.  They  com¬ 
pensate  shallow  donors  causing  the  free-electron  removal. 
The  presence  of  ionized  acceptors  decreases  the  electron  mo¬ 
bility  value  due  in  part  to  increased  ionized  impurity  scatter¬ 
ing  and  in  part  to  inhomogeneities  associated  with  nonuni¬ 
form  distribution  of  the  acceptors.  As  long  as  the  deformed 
GaAs  remains  conducting  n  type,  the  midgap  EL2  donor  is 
completely  occupied.  Accordingly,  no  change  in  the  charac¬ 
teristic  quenchable  EL2  absorption  band  is  observed  after 
deformation  of  n-type  GaAs.  However,  the  deformation 


TABLE  II.  Effect  of  deformation  on  EL2  occupation  in  SI  GaAs  deduced  from  the  zero  phonon  line  absorption. 


Deformation 

EL2  occupancy 
fraction 

Fraction  of  EL2 

Net  concentration 
of  ionized  acceptors 

Sample 

A/ //„<%) 

7  =  ®iri/®ZM. 

ionized  ( 1  —  17) 

(era"’) 

As-grown 

0 

0.95 

0.05 

2. Ox  10” 

Deformed 

1.4 

0.45 

0.55 

2.0x10'* 
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FIG.  U.  77-K  optical  absorption  spectra  of  deformed  ti-type  samples  an¬ 
nealed  at  850  *C  for  10  h. 


produces  a  featureless  unquenchable  absorption  tail  Acrc, 
which  extends  well  into  the  subband-gap  region.  In  Refs.  17 
and  2 1  this  absorption  tail  was  considered  to  be  due  to  transi¬ 
tions  via  localized  levels  of  the  arsenic  antisite  AsGl  defect 
introduced  by  deformation.  We  found  no  evidence  support¬ 
ing  this  interpretation.  On  the  contrary,  the  characteristic 
spectral  dependence  A aD~(.Eg  —  hv)~-  is  consistent  with 
“the  dislocation  absorption”  which  is  due  to  energy  gap 
changes  in  the  stress  field  of  dislocations. 

In p- type  GaAs  the  deformation  causes  no  change  in  the 
concentration  of  free  holes  and  had  no  effect  on  the  free- 
carrier  mobility.  Results  obtained  with  p-type  GaAs  also 
prove  that  no  donors  are  produced  by  plastic  deformation  at 
energies  higher  than  0.2  eV  above  the  valence  band.  This 
conclusion  received  further  support  from  DLTS  data  which 
showed  no  new  electron  traps  and  no  appreciable  change  in 
concentration  of  any  electron  traps  present  prior  to  the  de¬ 
formation.  Therefore,  we  must  reject  the  hypothesis  of  Refs. 
17  and  2 1  that  the  donor-type  arsenic  antisite  defect  AsG,  is 
created  during  the  plastic  deformation.  For  similar  reasons, 
we  also  reject  the  hypothesis  of  Refs.  18  and  19  of  the  cre¬ 
ation  of  the  arsenic  interstitial  As,  donor  with  energy  level 
about  <0.77  eV  below  the  conduction  band.  Both  of  these 
hypotheses  were  postulated  to  explain  the  increase  in  the 
EPR  quadruplet  signal  in  plastically  deformed  GaAs.  Pres¬ 
ent  results  fully  support  the  very  recent  explanation  of  this 
effect  by  Bray  in  Ref.  22  in  terms  of  the  increased  ionization 
of  Asa,  brought  about  by  the  compensating  action  of  the 
deformation-induced  acceptors.  Our  measurement  of  the 
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FIG.  12.  EL2  concentration 
vs  the  degree  of  deformation 
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ples  (upper  figure)  and  after 
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zero  phonon  line  in  SI  GaAs  provided  the  first  direct  evi¬ 
dence  of  the  increased  ionization  of  the  midgap  donor  EL2 
(related  to  the  antisite  defect  AsG, )  in  deformed  crystals. 

Thermal  annealing  experiments  showed  that  the  defor¬ 
mation-induced  acceptors  fully  anneal  out  at  temperatures 
of  about  800  °C.  However,  the  annealing  also  takes  place  at 
lower  temperatures  >  600  °C.  The  EL2  concentration  in  de¬ 
formed  samples  was  found  to  decrease  during  annealing. 
The  unique  mechanism  of  this  process  cannot  be  formulated 
at  present.  We  are  also  unable  to  identify  the  origin  of  the 
native  acceptors  induced  by  deformation.  However,  it  is  pos¬ 
sible  that  the  EL2  annihilation  may  result  from  the  interac¬ 
tion  of  AsCa  with  native  defects  containing  a  gallium  va¬ 
cancy.  An  acceptor-type  gallium  vacancy  may  also  be  a 
constituent  of  defects  responsible  for  the  deformation-in¬ 
duced  native  acceptors.  Further  studies  are  obviously  need¬ 
ed  to  identify  the  pertinent  defects  and  their  interaction. 
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LPEE  growth  and  characterization  of  Ini_xGaxAs  bulk  crystals 


T.  Bryskiewicz,*  M.  Bugajski,**  B,  Bryskiewicz ,  J.  Lagowski  and  H.C.  Gatos 

Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139,  USA 

ABSTRACT:  A  novel  procedure  for  liquid  phase  electroepitaxial  (LPEE) 
growth  of  highly  uniform  multicomponent  bulk  crystals  has  been  developed 
and  successfully  applied  to  the  growth  of  high  quality  bulk  In  Ga  As 
crystals.  In  Ga  As  ingots  14  mm  in  diameter  and  up  to  3  mm  thickxwere 
grown  on  (100J  ¥nPxsubstrates .  In  terms  of  homogeneity,  electrical 
characteristics,  and  defect  structure  they  are  comparable  to  high 
quality  thin  LPE  layers. 

1.  INTRODUCTION 

Liquid  phase  electroepitaxy  is  a  solution  growth  technique  in  which  the 
growth  process  is  induced  and  sustained  solely  by  passing  a  direct  electric 
current  across  the  solution-substrate  interface  while  the  temperature  of 
the  overall  system  is  maintained  constant  (Bryskiewicz  1986  and  references 
therein).  It  has  been  found  that  after  initial  stages  of  growth  the  solute 
electrotransport  towards  the  interface  becomes  the  dominant  driving  force 
for  the  growth  (Bryskiewicz  1978,  Jastrzebski  et  al  1978,  Bryskiewicz  et 
al  1980).  Therefore,  within  a  few  minutes  after  an  electric  current  is 
turned  on  the  growth  proceeds  under  isothermal  and  steady-state  conditions. 
These  features  of  electroepitaxy  have  proven  (both  experimentally  and  theo¬ 
retically)  to  be  uniquely  suited  for  the  growth  of  ternary  and  quaternary 
semiconductor  compounds  with  constant  composition  (Daniele  1981  Bryskie¬ 
wicz  et  al  1980) .  Ga.  Al  As  wafers  as  thick  as  600  ym  (Daniele  et  al 
1981),  GaAs^Sb  (Biryulin  et  al  1983),  In,  Ga  P  (Daniele  et  al  1983), 
and  Hg  Cd,  Te  (Lanier  et  al  1980)  epilayers  up  £o  200  ym,  120  ym,  and 
500  ymX  respectively,  grown  by  LPEE  showed  a  remarkable  uniformity  of 
composition,  varying  by  Ax*0.0l-0.03  over  their  entire  thickness.  However, 
the  growth  procedures  proposed  thus  far  (Daniele  et  al  1981,  Nakajima  1987) 
are  suitable  for  the  growth  of  uniform  wafers  a  few  hundred  microns  thick. 

In  this  paper  a  novel  procedure,  useful  for  electroepitaxial  growth  of  bulk 
crystals  (several  millimeters  thick)  of  ternary  and  quaternary  semiconduc¬ 
tors  is  proposed.  This  novel  procedure  is  successfully  applied  to  the 
growth  of  high  quality  In^  ^Ga^ks  bulk  crystals. 

2.  NOVEL  LPEE  GROWTH  PROCEDURE 

The  growth  of  highly  uniform  In,  Ga  As  bulk  crystals  was  carried  out  in  a 
novel  vertical  LPEE  apparatus  (Bryskfewicz  et  al  1987a) ,  employed  recently 

*On  leave  from  Microgravity  Research  Associates,  Inc.,  Midland,  TX  79701, 
USA. 

**On  leave  from  Institute  of  Electron  Technology,  02-668  Warsaw,  Poland. 
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to  the  growth  of  epitaxial  quality  GaAs  bulk  crystals  (Bryskiewicz  et  al 
^STb).  A  schematic  diagram  of  the  growth  cell  used  in  our  growth  experi- 
-nts  is  shown  in  Fig.  1.  During  electroepitaxial  growth  solution  is 

contacted  by  the  sub¬ 
strate  at  the  bottom 
and  the  source  mater¬ 
ial  at  the  top.  Thus, 
the  crystallizing 
material  driven  by 
the  electric  current 
is  deposited  onto  the 
substrate  while  the 
solution  is  being 
continuously  satura¬ 
ted  with  the  source 
material.  A  very 
important  character¬ 
istic  of  the  growth 
cell  seen  in  Fig.  1 
is  the  shape  of  a 
graphite  source 

holder  which  allows  the  current  to  bypass  the  source  material.  This  re¬ 
sults  in  a  minimization  of  the  Joule  heating  for  an  arbitrary  form  (mono¬ 
crystal,  polycrystal,  or  chunks)  of  the  source  material.  The  require¬ 
ments  for  the  source  are  thus  limited  to  the  compositional  homogeneity  and 
the  chemical  composition  fitted  to  the  composition  of  the  crystal  to  be 
grown.  In  order  to  achieve  these  source  characteristics,  a  procedure  for 
the  preparation  of  a  macroscopically  homogeneous  source  material  had  to 
be  developed. 


Fig.  1.  Schematic  diagram  of  the  growth  cell  used 
for  LPEE  growth  of  In^^Ga^As  bulk  crystals. 


In  this  study  the  source  material  required  for  the  growth  of  highly  uni¬ 
form  In^_^Ga  As  bulk  crystals  was  prepared  in  a  sealed  quartz  ampoule 
evacuated  to  lO-^  Tr.  The  inner  wall  of  the  quartz  ampoule  was  covered 
with  a  pyrolytic  carbon  in  order  to  prevent  wetting.  A  semiconductor 
grade  InAs-GaAs  quasibinary  mixture  and  a  small  amount  of  a  high  purity 
arsenic  were  sealed  in  the  ampoule,  heated  up  to  about  20-30°C  above  the 
liquidus  temperature  and  kept  molten  for  one  hour.  High  compositional 
homogeneity  of  the  In^^Ga^As  source  material  was  assured  by  rapid  cooling 
of  the  ampoule.  In,  ua  As  bulk  crystals  with  compositions  between  x=0.46 
and  x*0.48  were  grownXatX650°C  on  (lOO)-oriented,  Sn-doped  InP  substrates. 
The  grown  ingots  were  14  mm  in  diameter  and  up  to  3  ram  thick,  i.e., 
suitable  for  slicing  up  to  five  wafers. 


3.  CRYSTAL  CHARACTERIZATION 


A  microphotograph  of  the  etch  pits  revealed  on  the  (100) -oriented  InP 
substrate  and  on  the  In.^G®  ^gAs  crystal  is  seen  in  Fig.  2.  Al¬ 

though  the  dislocation  loops  generation  process  is  very  likely  to  occur 
in  this  case  near  the  surface,  we  did  not  observe  any  significant  increase 
in  the  etch  pit  density  between  the  InP  substrate  (EPDr'j.5-2xl0^cm_^)  and 

In,  Ga  As  crystals. 

1-x  x 

Electrical  parameters  of  the  In.  Ga  As  bulk  crystals  grown  from  unbaked 
In-rich  solutions  are  shown  in  Tai>lexI.  It  is  expected  that  the  free 
electron  concentration  in  the  low  lO^cm”^  range  can  be  reduced  consider¬ 
ably  by  using  higher  purity  solution  components  and/or  by  baking  the 
solution  prior  to  each  run  (Bhattacharya  et  al  1983) .  The  300°K  mobility 
as  high  as  8000  cnr/Vs  and  the  77°K  mobility  of  about  13,000  cnr/Vs  is 
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Fig.  2.  Optical  micrographs 
showing  the  typical  etch  pit 
pattern  observed  on  (a)  (100)- 
oriented  InP  substrate; 

(b)  In  cj2^a  4g^s  crystal. 

quite  remarkable  for  the 
lO^cnT^  free  carrier  concen¬ 
tration.  These  mobility  values 
suggest  low  compensation  and 
of  the  In^_xGa  As  ingots. 

Table  I.  Electrical  characteristics  of  LPEE  In,  Ga  As  bulk  crystals. 

1-x  x 


Carrier 

Concentration 

Mobility 

Composition 

Conductivity 

(cm  3) 

,  2 
(cm 

/Vs) 

(at . %) 

Type 

300°K 

77°K 

300°K 

77°K 

46 

n 

2.7x10** 

2.4xl016 

6240 

13620 

47 

n 

4 . 5xl016 

4.1xl016 

7780 

11750 

48 

n 

4. 6xl016 

4.0x1016 

7640 

13140 

In  addition,  DLTS  measurements  did  not  reveal  any  measurable  electron 
traps  in  these  crystals. 

Structural  perfection  as  well  as  high  compositional  homogeneity  of  the 
In  Ga  As  bulk  crystals,  comparable  in  quality  with  thin  LPE  layers,  is 
documented  by  a  high  resolution  photoluminescence  (PL)  spectrum  shown  in 
Fig.  3.  This  spectrum  was  recorded  at  5°K  for  a  nominally  undoped  n-type 

Fig.  3.  5°K  PL  spectrum  of  n-type 
In  Ga  ,„As  grown  on  (100)  InP  sub¬ 
strate;  ’n  =  4xl0-*-^cm 

LPEE  Ga  ^gAs  crystal.  The 

dominant  line  at  0.8303  eV  corresponds 
to  the  band-to-band  transitions  ( BB ) . 
The  above  assignment  was  made  on  the 
basis  of  the  line  shape  and  the 
luminescence  intensity  vs.  excitation 
density  dependence  (which  appeared  to 
be  nearly  quaejratic)  .  As  seen  in 
Fig.  3,  the  full  width  at  half  maxi¬ 
mum  (FWHM)  of  the  (BB)  line  is  equal 
to  10  meV.  This  value  can  be  under¬ 
stood  in  terras  of  alloy  broadening 
due  to  the  random  distribution  of  the  In  and  Ga  cations.  From  the  model 
developed  for  AlxGa1_xAs  (Schubert  et  al  1984)  the  alloy  broadening  of  the 
BB  transitions  in  In^_  GaxAs  has  been  estimated  to  be  in  the  9.2-13.7  meV 
range.  The  spread  in  t£e  calculated  FWHMs  results  mainly  from  the  uncer¬ 
tainties  of  the  values  of  the  heavy  hole  mass  and  band  discontinuity  at 
the  In^_xGaxAs/InP  heterointerface.  Nevertheless,  an  overall  agreement 
between  theory  and  experiment  is  satisfactory. 

The  second  line  in  Fig.  3  located  20.4  meV  below  the  (BB)  peak  is  due  to 
the  presence  of  the  residual  Zn  accctpor,  and  it  corresponds  to  the  donor- 
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acceptor  (DA)  type  of  transitions.  The  binding  energy  of  the  Zn  accep¬ 

tor  estimated  from  the  line  position  in  different  samples  is  EA=20.6-21.5 
meV,  in  close  agreement  with  EA=22il  meV  reported  by  Goetz  et  al  (1983). 


The  measurements  of  the  (BB)  peak  position  were  used  to  determine  the  com¬ 
positional  variations  vs.  a  distance  from  the  substrate  and  along  the 
crystal  surface.  The  results  are  shown  in  Fig.  4a  and  b,  respectively. 

An  excellent  compositional  homogeneity  of  the  In^_xGaxAs  ingots,  both 
perpendicular  and  parallel  to  the  growth  direction,  is  evident.  In  both 
cases  the  composition  fluctuations  do  not  exceed  1%. 


Fig.  4.  Composition 
profile  of 

In.52Ga.48As 
obtained  from  PL 
measurements : 

(a)  along  the 
growth  direction 


(b)  perpendicular 
to  the  growth 
direction. 
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A  photoluminescence,  photocapacitance,  and  thermal  annealing  study  of  Ga-rich  GaAs  has 
revealed  the  complex  behavior  of  acceptor  levels  at  68-77  and  200  meV  above  the  valence 
band.  The  concentration  of  all  levels  is  enhanced  by  Ga-rich  growth  conditions,  however,  only 
the  77-  and  200-meV  levels  formed  preferably  in  n- type  GaAs  are  consistent  with  a  double¬ 
acceptor  model  of  the  gallium  antisite  defect.  In  p- type  GaAs  the  68-meV  level  associated  with 
a  different  single-acceptor  defect  is  dominant.  It  is  argued  that  the  inhibited  formation  of 
double-acceptor  GaAs  defects  in  p-type  crystals  is  caused  by  the  Fermi-energy  control  of  the 
defect  formation. 


INTRODUCTION 

Two  energy  levels  at  77  and  200  meV  above  the  valence 
band  are  commonly  found  in  GaAs  grown  from  Ga-rich 
melts.1'10  They  were  attributed  to  a  double  acceptor  and 
extensively  studied  in  conjunction  with  luminescence  lines 
at  1.443, 1.32,  and  1.283  eV.  The  1.443- and  1.23-eV  lines  are 
of  primary  interest  in  this  work.  The  1.443-eV  lines  originat¬ 
ed  from  free  electron  to  neutral  acceptor  transition  (e^4 
while  the  1.32-eV  line  involves  transition  to  the  ionized  ac¬ 
ceptor  ( e^i  As  discussed  in  Refs.  1 1  and  1 2,  the  origin 

of  the  third  line  (1.283  eV)  is  different.  This  line  will  not  be 
discussed  further.  These  levels  also  attracted  a  lot  of  atten¬ 
tion  as  native  acceptors  potentially  involved  in  a  compensa¬ 
tion  scheme  in  semi-insulating  (SI)  GaAs.  It  has  been  sug¬ 
gested  that  the  concentration  ratio  between  the  native  donor 
EL2  (formed  under  As-rich  conditions)  and  the  acceptors 
(favored  by  gallium-rich  conditions)  determines  the  SI  be¬ 
havior  of  undoped  GaAs  grown  from  As-rich  melt  and  t  hep- 
type  behavior  of  crystals  grown  from  Ga-rich  melts.  The 
isolated  gallium  antisite,  GaA,-,  double-acceptor  defect  was 
proposed  to  account  for  the  presence  of  the  levels.  This  inter¬ 
pretation  appears  to  be  the  most  widely  accepted  at  present, 
however,  the  identification  of  the  levels  with  Ga*,  cannot  be 
taken  as  unambiguously  proven.  Another  origin  of  the  shal¬ 
lower  acceptor  has  also  been  suggested. IJ,M  The  present 
work  was  undertaken  in  order  to  clarify  further  the  proper¬ 
ties  and  the  origin  of  native  levels  in  Ga-rich  GaAs.  The 
results  of  combined  measurements  of  photoluminescence 
(PL),  photocapacitance  spectroscopy,  and  standard  deep- 
level  transient  spectroscopy  (DLTS),  exposed  a  serious  in- 
terpretational  conflict  between  photoluminescence  data 
alone  and  results  of  transient  capacitance  spectroscopy. 

EXPERIMENTAL  RESULTS 

The  crystals  were  grown  by  the  liquid-encapsulated 
Czochralski  (LEC)  method  from  nonstoichiometric  melts 
with  the  aresenic  atom  fraction  8  =  (As) /[As]  4-  [Ga] 
ranging  from  0.42  to  0.48.  The  value  of  8  changes  during  the 
growth  process,  and  different  segments  of  the  ingot  corre¬ 
spond  to  different  <$  values.  A  quantitative  relation  between 
the  distance  along  the  growth  ingot,  x  (or  the  solidified  frac- 
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tion  of  the  melt,/),  and  8  was  calculated  considering  the 
normal  freeze  process  of  the  binary  compound  and  taking 
into  account  that  the  weight  loss  during  the  growth  of  GaAs 
is  due  to  the  loss  of  volatile  arsenic  (see  Ref.  15).  Undoped 
crystals  grown  from  Ga-rich  melts  were  slightly  p  type,  con¬ 
sistent  with  previous  results.16  Crystals  intentionally  doped 
with  Zn  [p  type)  and  Se  (n  type)  were  grown  in  order  to 
vary  the  Fermi-level  position  in  the  energy  gap. 

For  photoluminescence  measurements  samples  were 
mounted  on  the  cold  finger  of  a  variable  temperature  contin¬ 
uous  flow  liquid-helium  cryostat.  Luminescence  was  excited 
with  the  514-nm  line  of  an  argon  Ar+  laser.  The  spectral 
resolution  was  in  all  cases  better  than  0.5  meV.  Capacitance 
and  photocapacitance  transient  measurements  were  per¬ 
formed  on  metal-semiconductor  Schottky  diodes  prepared 
by  evaporation  of  Au  and  A1  on  n-  and  p-type  samples,  re¬ 
spectively.  For  optical  deep-level  transient  spectroscopy 
(ODLTS)  the  filling  of  traps  with  minority  carriers  was  re¬ 
alized  using  0.9-pm  (1.31  eV)  incident  light.  Measurements 
were  carried  out  at  temperatures  12-300  K.  Standard  DLTS 
spectra  were  also  measured  at  temperatures  between  4  and 
400  K.  Figure  1  shows  the  intensity  [normalized  to  the 
bound  exciton  (BE)  line]  of  characteristic  PL  lines:  A  1  to 
1.443  eV  and  A  2  to  1.320  eV  [see  the  insert  in  Fig.  1(a)] 
plotted  versus  8  in  n-  and  p-type  crystals.  Assuming  that  the 
A  1  and  A  2  lines  are  due  to  free  electron  to  acceptor  transi¬ 
tions,  the  ionization  energies  of  corresponding  levels  become 
77  and  200  meV.  Both  peaks  1.443  and  1. 320  eV  are  followed 
by  equally  spaced  longitudinal  optical  (LO)  phonon  repli¬ 
cas.  A  1  and  A  2  lines  are  present  in  the  spectra  of  all  Ga-rich 
crystals,  undoped  p  type  and  intentionally  doped  n  and  p 
type.  Also,  in  all  crystals  the  intensity  of  both  lines  increases 
with  decreasing  arsenic  atom  fraction  in  the  melt.  However, 
large  systematic  differences  in  the  integrated  (including 
phonon  replicas)  line  intensity  ratio  A  ]/A  2  are  seen  in  n- 
and  p- type  crystals.  As  shown  in  Fig.  1  ( a ) ,  the  ratio  A  1  /A  2 
roughly  equals  1  in  the  whole  melt  stoichiometry  range  stud¬ 
ied.  In  p-type  crystals  the  A  1  /A  2  intensity  ratio  increases 
with  decreasing  8  and  reaches  a  large  value  of  about  1 0  for  8 
lower  than  0.45  [see  Fig.  1(b)]. 

A  transient  capacitance  spectroscopy  study  showed  two 
energy  levels  with  the  hole  emission  thermal  activation  ener¬ 
gies  of  70-80  and  200  meV,  respectively,  in  all  Ga-rich  crys¬ 
tals.  Similar  to  photoluminescence  data,  the  concentration 
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FIG.  1.  Stoichiometry 
dependence  of  the  inten¬ 
sity  of  characteristic  PL 
lines:  A  1  at  1.443  eV  and 
A  2  at  1.320  eV  in  (a)  n- 
type  and  (b)  p- type  crys¬ 
tals.  Insert  in  (a)  shows 
the  typical  low-tempera¬ 
ture  PL  spectrum.  The 
free-carrier  concentra¬ 
tion  for  all  the  samples 
was  of  the  order  of  10'* 
cm"1. 


of  both  levels  increased  with  decreasing  arsenic  atom  frac¬ 
tion  in  the  growth  melt.  In  «-type  GaAs  the  levels  were  ob¬ 
served  by  optical  deep-level  transient  capacitance  spectros¬ 
copy  using  a  minority-carrier  optical  filling  pulse  [see  Fig. 
2  ( a )  ] .  In  p-type  GaAs  the  levels  were  observed  as  majority- 
carrier  traps  employing  standard  deep-level  transient  ca¬ 
pacitance  measurements  [see  Fig.  2(b)  ].  Transient  capaci¬ 
tance  spectra  shown  in  Fig.  2  prove  again  a  profound 
difference  in  the  relative  concentrations  of  the  two  hole  traps 
in  n-  and  p-type  GaAs.  Thus,  the  concentration  ratio 
between  the  deep  (200  meV)  and  the  shallow  traps  (70-80 
meV)  in  p- type  crystals  is  significantly  smaller  than  in  n- 
type  crystals.  Transient  spectroscopy  data  also  indicate  sys¬ 
tematic  differences  in  the  lower  temperature  peak  positions 
in  n-  and  p-type  GaAs.  The  hole  emission  rate,  ep,  thermal 
activation  plots  (e~  'T2  vs  1000/D  yielded  the  values  of 
activation  energies  of  68  ±  3  and  77  ±  3  meV  in  p-  and  n- 
type  crystals,  respectively. 

This  result  and  the  differences  in  the  concentrations  of 
shallow  and  deep  levels  observed  by  transient  capacitance 
and  photoluminescence  imply  very  strongly  that  the  defect 
giving  rise  to  the  shallow  trap  and  the/4  1  photoluminescence 
line  in  n-type  GaAs  is  not  the  same  as  the  defect  giving  rise  to 
corresponding  features  in  p- type  GaAs. 

DISCUSSION 

Before  any  futher  analysis  of  the  origin  of  the  level  we 
will  dnce  again  address  the  question  of  photoluminescence 
characteristics.  It  should  be  emphasized  that  the  photolumi¬ 
nescence  data  alone  (i.e.,  without  the  DLTS  data)  can  be 
explained  very  well  in  terms  of  a  model  assuming  a  common 
origin  of  the  A  1  and  A  2  lines  and  their  association  with  two 


FIG.  2.  ODLTS  spectrum 
of  (a)  Ga-rich  n-type  crys¬ 
tal  and  DLTS  spectrum  of 
(b)  Ga-rich  p-type  cry  stal. 
In  both  cases  6  =  0.43; 
n,p=  10'6  cm-3. 


charge  states  of  one  and  the  same  double-acceptor  defect 

[i.e.,  (  —  /0)  and  ( - /  —  )  charge  states,  respectively]. 

Accordingly,  the  high-intensity  ratios/4  1/A  2  inp-type  crys¬ 
tals  can  be  attributed  to  the  predominant  presence  of  the 
defect  in  the  neutral  A  °  state,  while  the  much  higher  intensity 
of  the  A  2  line  in  n-type  crystals  is  readily  explained  by  an 
increased  fraction  of  the  singly  ionized  A  ~  acceptor  level. 

The  photoluminescence  experiment  which  could  differ¬ 
entiate  between  the  case  of  identical  and  the  case  of  different 
defectsinn-andp-typeGaAsisthedependenceof/4  land/4  2 
line  intensities  on  the  excitation  density.  It  was  found  that  in 
the  n-type  sample  the /l  1  line  intensity  depends  quadratical- 
ly  on  the  excitation  intensity,  and  the  A  2  line  intensity  de¬ 
pends  linearly  on  excitation.  At  very  high  excitation  the  A  1 
line  intensity  becomes  linear  with  excitation,  and  the  ratio  of 
I{A  2)  //M  i >  becomes  constant.  Inptypebothlines/4  1  and/4  2 
increase  linearly  with  the  excitation  intensity.  The  excitation 
dependence  of  PL  intensity  in  n-type  samples  is  consistent 
with  the  double-acceptor  model,  while  the  behavior  ob¬ 
served  in  p- type  samples  contradicts  this  model.  In  ;t-type 
GaAs  the  Fermi  level  is  above  both  acceptor  levels,  and  in 
thermal  equilibrium  (without  excitation)  acceptors  are  dou¬ 
bly  ionized,  i.e.,  in  the  A  state.  Thus  for  the  (e*4  °)  transi¬ 
tion  to  occur,  the  center  must  trap  two  photoexcited  holes. 
That  gives  a  quadratic  dependence  of  the  (e,A  °)-A  1  line  in¬ 
tensity  on  excitation  as  opposed  to  linear  foi  the  (e*A~)-A2 
line,  which  requires  trapping  of  only  one  photoexcited  hole 
by  the  center.  In  p-type  material  presently  investigated,  the 
Fermi  level  was  situated  below  the  77-meV  level,  and  all 
centers  were  in  the  neutral,  A  °,  state.  Thus,  to  facilitate  the 
radiative  transition  (e*A  ~)  one  would  expect  two  photogen¬ 
erated  electrons  would  be  needed.  For  the  double-acceptor 
model  the  ( eA  ~)~A2  line  intensity  should  depend  quadrati- 
cally  on  excitation,  which  is  in  contradiction  to  the  experi¬ 
mental  results  the  double-acceptor  model  must  also  be  re¬ 
jected  in  p-type  GaAs  based  on  the  quantitative  DLTS  data. 
For  two  charge  states  of  a  double  acceptor  one  would  expect 
the  concentration  of  the  corresponding  traps  to  be  equal.  As 
can  be  seen  from  Fig.  2(b),  the  magnitudes  of  the  two  DLTS 
peaks  are  significantly  different.  This  result  is  in  accord  with 
the  observation  of  Yu  etal.,3  who  reported  only  one  hole  trap 
in p- type  GaAs  grown  under  Ga-rich  conditions  with  energy 
of  about  77  meV.  We  are  unaware  of  any  other  DLTS  study 
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indicating  the  presence  of  the  deeper  ( 200  meV )  trap  at  con¬ 
centrations  comparable  to  that  of  the  shallower  trap  (70-80 
meV). 

A  completely  different  situation  is  observed  in  the 
ODLTS  spectra  of  n-type  samples.  The  spectrum  shows  two 
peaks,  but  the  dominant  one  is  the  higher-temperature  peak 
H  2.  Its  position  coincides  exactly  with  the  H  2  peak  position 
in  p-type  samples,  whereas  the  H 1  peak  position  is  clearly 
shifted  towards  higher  energies,  compared  to  the  H  1*  peak 
position  in  p-type  samples.  The  much  smaller  height  of  the 
H  1  peak  which  (assuming  that  the  levels  are  due  to  two 
charge  states  of  the  double  acceptor  center,  would  corre¬ 
spond  to  the  neutral  charge  state  of  the  defect)  does  not 
reflect  the  actual  concentration  of  the  trap,  but  rather  the 
smaller  probability  of  removing  the  second  electron  from  the 
center  by  means  of  optical  illumination.  Thus,  one  can  con¬ 
clude  that  ODLTS  measurements  on  n-type  material  do  not 
rule  out  the  possibility  that  the  defect  in  question  is  a  gallium 
antisite  double  acceptor.  We  have  also  observed  a  different 
behavior  of  both  levels  in  n-  and  p- type  crystals  subjected  to 
thermal  annealing.  The  experiments  were  carried  out  in  a 
closed  two-zone  apparatus  containing  the  samples  and  ele¬ 
mental  arsenic  in  the  hot  and  cold  zones,  respectively.  All 
annealing  experiments  were  carried  out  under  equilibrium 
arsenic  ambient  pressure  to  prevent  degradation  of  GaAs 
surface  morphology  caused  by  preferential  arsenic  evapora¬ 
tion.  Two-step  annealing  was  performed:  ( 1 )  annealing  at 
1200  °C  for  16  h  followed  by  rapid  (completed  within  several 
seconds)  quenching  to  room  temperature  and  (2)  subse¬ 
quent  annealing  at  800  "C  for  4  h.  The  procedure  was  essen¬ 
tially  the  same  as  the  one  previously  reported  in  Ref.  17.  The 
properties  of  the  crystals  were  reexamined  after  each  anneal¬ 
ing  step.  Photoluminescence  spectra  of  n-type  crystals, 
shown  in  Fig.  3(a),  provide  the  evidence  of  almost  complete 
elimination  of  the  defect  responsible  for  the  1.443-  and 
1.320-eV  lines  by  1200  ”C  annealing  followed  by  rapid 
quenching.  Subsequent  dnnealing  at  800  °C  restores  the 
characteristic  PL  lines  to  their  previous  intensity.  Qualita¬ 
tively  different  behavior  is  observed  in  p- type  crystals  [see 
Fig.  3(b)  1  where  the  characteristic  PL  emission  after  being 
eliminated  by  1200*C  annealing  cannot  be  brought  back 
again.  An  important  observation  is  that  even  if  the  absolute 
intensity  of  both  lines  in  n-type  material  changes  as  a  result 
of  annealing,  their  ratio  remains  the  same.  This  behavior 
again  implies  a  direct  relationship  between  the  two  levels. 

The  results  of  photoluminescence,  DLTS  and  ODLTS 
measurements  clearly  show  the  difference  between  the  be¬ 
havior  of  n-  and  p-type  crystals.  As  far  as  n-type  crystals  are 
concerned,  all  observed  experimental  characteristics  of  both 
levels,  i.e.,  the  stoichiometry  and  excitation  intensity  de¬ 
pendencies  of  two  PL  lines,  and  the  ratio  of  ODLTS  peak 
heights  can  be  explained  in  terms  of  one  double-acceptor 
defect,  most  likely,  GaA, . 

The  first  systematic  DLTS  measurements  on  p-type 
crystals  also  showed  the  presence  of  both  traps,  however,  the 
concentration  of  the  H  2  level  was  roughly  an  order  of  magni¬ 
tude  smaller  than  that  of  H  l  *.  The  different  activation  ener¬ 
gy,  namely  68  meV  in  p-type  crystals  versus  77  meV  in  an  n- 
type  crystal  of  the  level  H  1*  has  also  to  be  noted.  This, 


Wavelength  (nm) 

FIG.  3.  Photoluminescence  spectra  of  thermally  annealed  Ga-rich  (a)  rt- 
type  crystal  and  (b)  p-type  crystal.  In  both  cases  S  =  0  43;  n,p~  10"' cm" '. 


together  with  PL  results  showing  a  similar  difference  in  inte¬ 
grated  intensity  of  the  A  1  and  A  2  lines,  as  well  as  qualitative¬ 
ly  different  annealing  behavior,  apparently  rules  out  the 
widely  accepted  interpretation.  We  conclude  that  the  domi¬ 
nant  defects  giving  rise  to  the  levels  in  n-type  crystals  are 
different  than  those  in  p- type  crystals.  Both  defects  are  en¬ 
hanced  by  Ga-rich  conditions,  however,  only  those  found  in 
n-type  material  are  likely  to  be  due  to  gallium  antisite  double 
acceptors.  The  simplest  possible  explanation  of  these  experi¬ 
mental  findings  relies  on  the  assumption  that  defect  forma¬ 
tion  is  strongly  influenced  by  Fermi  energy.  We  propose  the 
following  scenario  of  events. 

In  n-type  crystals,  the  defect  which  is  likely  to  form 
upon  solidification  is  the  F^.-Ga^  pair.  It  can  be  created 
from  the  crystal  containing  a  large  amount  of  FAj  by  a  single 
Ga  atom  hop,  namely,  Fa>  —  Fg,  +  GaAj .  This  pair  reac¬ 
tion  represents  the  transformation  between  a  strong  donor 
VKl  and  a  strong  acceptor  VCt  4-  Ga^.  Thus,  the  depen¬ 
dence  of  the  reaction  rate  on  Fermi  energy  is  expected.  In¬ 
deed,  the  theoretical  calculation  by  Baraff  and  Schliiter18 
shows  that  the  formation  energy  of  the  Va,  +  Ga^  pair 
changes  from  positive  in p-type  to  negative  in  n-type  crystals. 
Despite  the  favorable  conditions  for  Va,  4-  GaA,  pair  for¬ 
mation  in  n-type  crystals,  we  expect  the  dominant  defect  to 
be  isolated  Ga^  due  to  low  binding  energy  of  the  above  pair 
in  n-type  crystals  as  opposed  to  p  type.17 

In  the  p-type  crystals  the  total  abundance  of  isolated 
Ga^  should  be  much  lower  than  in  the  n  type,  due  to  the 
positive  formation  energy  of  the  Va,  -GaA,  pair  and  the  fact 
that  once  the  pair  is  formed  it  tends  to  be  stable.  The  concen¬ 
tration  of  the  HI  (200  meV)  level,  which  coincides  exactly 
with  the  negative  charge  state  of  GaA,  observed  in  n-type 
material,  has  been  estimated  to  be  equal  to  10u  cm-3  for 
<5  =  0.43.  That  of  the  H  1  *  ( 68  meV )  level  in  the  same  sample 
equals  4xl015  cm-3.  Therefore,  the  corresponding  peak 
due  to  the  neutral  charge  state  of  GaAs  which  occurs  at  a 
temperature  only  slightly  higher  than  H  1  *  in  the p-type  cry  s- 
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tal  [compare  Figs.  2(a)  and  2(b)  ]  can  be  very  easily  masked 
by  the  last  one.  The  microscopic  origin  of  the  H  1  *  ( 68  meV ) 
level  in  p-type  material  is  still  disputable,  however,  we  expect 
it  to  be  related  to  the  (  —  /0)  state  of  the  single  acceptor. 
That  would  reflect  the  general  trend  which  inhibits  the  for¬ 
mation  of  double  acceptors  in  p- type  material.  Recently,  Yu, 
Look,  and  Ford19  observed  an  acceptor  level  at  69  meV 
above  the  valence  band  in  Ga-rich  GaAs  and  attributed  it  to 
the  (  —  /0)  charge  state  of  FG,-GaAs.  Although  the  concen¬ 
tration  of  our  H  1*  level  in  p- type  material  is  somewhat  too 
high  for  that,  this  assignment  in  general  fits  our  proposed 
scenario.  Finally,  we  would  like  to  comment  on  the  fact  that 
the  positions  of  the  A  1  line  in  PL  spectra  of  n-  and  p-type 
crystal  are  almost  the  same(  1.443  eV).  This,  although  sur¬ 
prising  at  first  glance,  does  not  exclude  a  different  origin  of 
the  A  1  line  in  both  cases.  In  p- type  crystals  the  donor-accep¬ 
tor  {D0yA  °)  transitions  should  dominate,  whereas  n-type 
crystals  for  electron  concentration  in  the  range  of  1016  cm-  3, 
(e^4  °)-type  transitions  dominate.  Therefore,  the  activation 
energies  of  the  levels  involved  in  recombination  are  equal  to 
77  meV  in  n-type  and  72  meV  in  p-type  crystal,  the  last  value 
being  sufficiently  close  to  68  meV  observed  in  DLTS. 


s 

CONCLUSION 

In  conclusion,  we  have  found  that  the  dominant  native 
defects  giving  rise  to  the  levels  in  n-type  crystals  are  different 
than  those  in  p- type  crystals.  Both  defects  are  enhanced  by 
Ga-rich  conditions,  however,  only  those  found  in  n-type  ma¬ 
terial  are  likely  to  be  due  to  the  gallium  antisite  double  accep¬ 
tor. 
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We  provide  experimental  unification  of  the  properties  of  EL  2  in  GaAs,  linking  the  measure¬ 
ments  of  optical  absorption,  deep-level  transient  spectroscopy,  electron  paramagnetic  resonance 
(EPR),  magnetic  circular  dichroism  (MCD),  and  optically  detected  electron-nuclear  double  reso¬ 
nance  (ODENDOR).  Results  show  that  the  ELI  defect  has  two  energy  levels,  gives  rise  to  the 
zero-phonon  line  in  the  neutral  charge  state,  and  gives  rise  to  the  EPR  quadruplet,  MCD,  and 
ODENDOR  signals  in  the  singly  ionized  state.  _ These  manifestations  disappear  when  ELI  is 
transferred  to  the  metastable  state.  Any  discussion  of  the  properties  of  the  EL7  defect  must  be 
consistent  with  these  unified  characteristics. 


The  midgap  donor  level  ELI  in  GaAs  (Ref.  1)  dom-  metries,  namely  7V  and  Cj,.,  as  observed  from  the  optical 

inates  the  compensation  mechanism  in  semi-insulating  absorption  ZPL  and  the  combined  MCD-ODENDOR 

GaAs  used  for  integrated  circuits.  This  feature  has  gen-  technique,  respectively,  have  generated  the  following 

erated  an  enormous  practical  interest  in  the  ELI  defect.  questions.  (1)  Are  these  different  experimental  tech- 

On  the  other  hand,  basic  research  has  been  attracted  by  niques  probing  the  same  defect?  (2)  What  are  the  unified 

the  mystery  of  ELI  metastability  which  has  been  a  driv-  experimental  features  of  the  ELI  defect? 

ing  force  for  many  state-of-the-art  theoretical  calcula-  It  is  the  intent  of  this  work  to  provide  the  experimental 
tions.2-6  In  a  continuing  search  for  the  atomic  structure  evidence  which  unifies  the  properties  of  the  ELI  defect  as 

of  the  EL  2  defect  in  GaAs,  models  have  been  chosen  con-  observed  with  optical  absorption,  EPR,  deep-level  tran- 

sidering  at  least  one  of  the  following  ELI  features:  (1)  sient  spectroscopy  (DLTS),  and  MCD-ODENDOR. 

electronic  levels,  (2)  optical  transitions,  (3)  electron  However,  it  is  not  the  intent  of  this  work  to  assess  the  va- 

paramagnetic  resonance  signal  (EPR),  (4)  magnetic  cir-  lidity  of  previous  conclusions,  as  to  the  exact  microscopic 

cular  dichroism  (MCD)  and  connected  with  it  optically  structure  of  the  ELI  defect,  based  on  the  interpretations 

detected  electron-nuclear  double  resonance  (ODEN-  of  individual  techniques  reported  previously.8,10 _  12 

DOR)  signals,  and  (3)  the  existence  of  normal  and  meta-  In  1987  we  initiated  a  collaborative  study  designed  to 
stable  states  of  the  defect.  clarify  existing  uncertainties  and  verify  relationships 

The  total  set  of  features  mentioned  above  ((1)-(5)1  among  the  five  features  and  their  association  with  EL 2. 

should,  in  general,  provide  a  unique  means  for  linking  ex-  Preparation  of  special  samples  with  properties  tailored  to 

periment  and  theory.  This  has  not  become  the  common  the  demands  of  different  techniques  was  performed  at 

practice.  Apparently  conflicting  interpretations  of  MIT.  The  measurements  of  electronic  levels  and  the 

different  experiments,  many  pitfalls  and  ambiguous  re-  zero-phonon  absorption  line  were  also  made  at  MIT.  An 

suits,  combined  with  the  equivocal  character  of  the  family  EPR  and  photo-EPR  study,  including  quantitative  deter- 

of  EL  2-like  defects,7  and  the  family  of  paramagnetic  ar-  mination  of  the  spin  concentration,  was  performed  at  the 

senic  antisite  defects,  *•’  has  generated  uncertainty  and  University  of  California,  Berkeley,  while  MCD  measure- 

raised  a  question  as  to  which  are  the  real  features  of  the  ments  were  made  at  the  University  of  Paderborn. 

ELI  defect.  As  a  result,  many  ELI  models  are  proposed  In  undertaking  the  research,  we  realized  the  importance 
considering  only  selected  features  while  neglecting  others.  of  the  following  ^iperimental  conditions:  (a)  the  samples 
Analysis  of  optical  transitions,  especially  the  1.039  eV  investigated  should  contain  EL2  rather  than  other  midgap 

zero-phonon  line  (ZPL),  provided  the  very  first  informa-  levels  occasionally  present  in  melt-grown  GaAs,  (b)  the 

tion  on  the  tetrahedral  symmetry  of  the  occupied  ELI  de-  concentration  and  the  occupancy  fraction  must  be  varied 

feet,10  while  a  photo-EPR  study  linked  ionized  ELI  and  and  must  be  measured,  (c)  material  incompatability  be- 

thc  arsenic  antisite  EPR  quadruplet  signal. 11  The  tween  EPR  and  DLTS  (which  require  high-  and  low- 

structurally  most  powerful  MCD-detected  ODENDOR  resistivity  samples,  respectively)  must  be  overcome,  and 

technique  identified  a  (111)  distortion  and  Cjr  symmetry  (d)  the  problem  of  the  very  low  intensity  of  the  EPR 

of  the  paramagnetic  state,  and  assigned  the  EL  2  defect  to  quadruplet  in  as-grown  semi-insulating  (SI)  GaAs  and 

the  pair  A$g«-As,.812  The  different  EL  2  defect  sym-  the  potential  contributions  from  the  family  of  arsenic 
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antisite-related  defects  had  to  be  resolved  for  a  reliable 
determination  of  the  spin  concentration  and  a  comparison 
oetween  absolute  concentrations  of  EPR  centers  and  the 
EL  2  defect. 

To  satisfy  these  conditions  we  employed  a  series  of  n - 
type,  p- type,  and  semi-insulating  thermally  treated  GaAs 
crystals.  These  crystals  were  annealed  at  1200°C  for  12  h 
in  an  equilibrium  As-ambient  followed  by  a  rapid  quench 
to  room  temperature  and  then  reannealed  between  700 
and  1000°C.  The  1200°C  annealing-quenching  pro¬ 
cedure  [also  referred  to  as  the  inverted  thermal  conversion 
(ITC)  treatment]  produces  GaAs  virtually  free  of  the 
EL 2  defect. 13  Such  crystals  contain  deep  acceptoriike  na¬ 
tive  defects  frozen  in  during  the  quenching.  Subsequent 
annealing  eliminates  native  acceptors  and  leads  to  con¬ 
trolled  formation  of  EL  2  at  a  concentration  dependent  on 
the  annealing  temperature  and  time.  The  formation  rate 
has  a  maximum  at  about  850 °C,  roughly  corresponding 
to  1014  cm  -J  ELI  defects  formed  per  second  at  the  initial 
annealing  stages. 

Optical  absorption  experiments  were  performed  with  a 
dual  beam  spectrometer  with  a  liquid-helium  cold-fingcr 
cryostat  allowing  for  variable  temperature  operation  be¬ 
tween  4  and  300  K.  EPR  measurements  were  carried  out 
using  an  A-band  spectrometer  interfaced  to  a  computer. 
The  sample  temperature  was  controlled  and  varied  be¬ 
tween  4  and  300  K  with  a  helium-gas-flow  cryostat.  The 
apparatus  had  provisions  for  illumination  of  the  sample  in 
the  cavity  with  cither  monochromatic  or  white  light.  The 
EPR  quadruplet  spin  concentrations  were  determined  by 
comparing  the  area  under  the  microwave  absorption  curve 
(doubly  integrated  quadruplet)  with  the  area  under  the 
microwave  absorption  curve  of  phosphorus-doped  silicon 
samples  with  known  phosphorus  concentration.  Signal  in¬ 
tensity  versus  microwave  power  characteristics  were  per¬ 
formed  to  insure  that  saturation  effects  were  negligible 
during  spin-concentration  determinations.  MCD  mea¬ 
surements  were  done  at  1.6  K  with  a  /(-band  computer 
controlled  spectrometer;  the  experimental  procedure  is 
discussed  in  Refs.  8  and  12. 

DLTS  measurements  on  /i-type  GaAs  samples  which 
have  been  annealed  at  1200°C  and  rapidly  quenched  to 
room  temperature  and  then  reannealed  at  800  °C  for  1  h 
and  rapidly  quenched  to  room  temperature  (this  anneal¬ 
ing  sequence  is  hereafter  referred  to  as  ITC +  800)  have 
shown  that  this  thermal  treatment  produces  only  one 
midgap  level  with  the  electron  emission  rate 
-[rJ(3.53xiO'*)]expI-0.815(eV)/kr]  and  a  charac¬ 
teristic  I.039-eV  zero-phonon  line.  The  electron-capture 
cross  section  of  ELI  is  thermally  activated  with  an  activa¬ 
tion  energy  of  66  meV,  so  that  the  energy  level  as  mea¬ 
sured  by  Hall  effect  is  at  Ec  —0.75  eV. 1  Both  features  are 
signatures  of  the  true  EL2  defect7,10  in  its  filled,  neutral 
charge  state  (i.e.,  EL  2°).  DLTS  measurements  on  simi¬ 
larly  treated  p-type  GaAs  showed  that  the  EL  2  formation 
was  manifested  by  the  formation  of  a  trap  at  0.54  eV 
above  the  valence  band  which  corresponds  to  the  second 
level  of  the  ELI  defect. 7,11  Thus,  the  levels  at  Ec  —  0.75 
eV  and  Er  +0.54  eV,  respectively,  seem  to  be  the  only  lev¬ 
els  of  the  EL  2  defect  in  the  GaAs  energy  gap. 

In  semi-insulating  as-grown  and  ITC  +  800  GaAs  sam¬ 


ples,  the  EPR  quadruplet  and  the  MCD  signal  (previously 
assigned12  to  the  Asca*As/  defect)  were  examined.  Both 
features  were  measured  in  exactly  the  same  as-grown  and 
ITC +  800  samples.  Results  are  given  in  Table  I.  The  rel¬ 
ative  intensities  of  the  MCD  and  EPR  signals  indicate 
that  both  techniques  are  sensing  one  and  the  same  defect. 
Detailed  analysis  of  the  MCD  lines  has  shown  that  the 
strong  signal  in  the  ITC +  800  samples  corresponds  to  only 
one  defect.  No  other  MCD  signals  were  found  in  this 
sample.  We  therefore  infer  that  the  EPR  quadruplet  sig¬ 
nal  in  the  ITC +  800  samples  examined  in  these  studies 
does  not  contain  any  hidden  components.  This  conclusion 
is  very  important  since  it  eliminates  ambiguities  related  to 
the  “family  of  arsenic  antisite  defects”  occasionally  found 
in  as-grown  liquid-encapsulated  Czochralski-  (LEC) 
grown  GaAs.  As  conclusively  demonstrated  below,  the 
defect  which  gives  rise  to  both  the  EPR  quadruplet  and 
the  MCD  signal  in  the  samples  employed  in  these  investi¬ 
gations  is  the  ionized  charge  state  of  EL  2.  Though  there 
is  no  unambiguous  experimental  determination  of  the  to¬ 
tal  charge  states  involved  in  the  midgap  level  at  E,. +0.75 
eV  and  the  level  at  E,. +0.54  eV,  we  follow  common  prac¬ 
tice  and  call  the  filled  midgap  level  EL  2°. 

Quantitative  measurements  correlating  the  ZPL  and 
EPR  quadruplet  were  performed  on  a  series  of  ITC +  800 
samples.  The  experimental  approach  was  to  obtain  quan¬ 
titative  changesy  brought  about  by  low-temperature  opti¬ 
cal  illumination  and  recovery  cycles,  in  both  the  EPR  qua¬ 
druplet  concentration  and  optical  absorption  ZPL.  The 
quantitative  relationship  between  the  ZPL  and  DLTS 
EE  2  signal  was  previously  demonstrated  by  Skowronski, 
Lagowski,  and  Gatos14  using  n-type  GaAs.  In  «-type 
GaAs,  all  EE  2  defects  are  occupied  and  are  therefore  neu¬ 
tral  (i.e.,  EE2°).  This  previous  work  thereby  provided 
calibration  for  determining  the  EL  2°  concentrations  from 
ZPL  intensities  in  semi-insulating  GaAs.  Thus,  high- 
resolution  ZPL  measurements  performed  on  conducting 
as  well  as  semi-insulating  material  were  used  as  a  com¬ 
mon  element  linking  EE2-related  DLTS  and  EPR  mea¬ 
surements.  The  ITC+800  samples  were  particularly  suit¬ 
able  for  quantitative  correlations  between  the  ZPL  and 
the  EPR  quadruplet  since  they  exhibited  a  high  EPR 
quadruplet  concentration  before  illumination  with  only  a 
small  ZPL  absorption,  while  after  illumination  and 
recovery  there  was  a  small  quadruplet  concentration  and  a 
large  ZPL.  In  other  words,  large  changes  in  both  the 
EPR  quadruplet  and  ZPL  absorption  were  brought  about 
by  the  illumination  and  thermal  recovery  cycles.  Special 
attention  was  placed  on  making  the  experimental  condi¬ 
tions  of  EPR  measurements  (at  Berkeley)  and  optical  ab- 


TABLE  I.  Comparison  of  MCD  and  EPR  signal  intensities 
measured  on  the  same  as-grown  and  ITC  +  800  GaAs  samples. 


Signal  intensity 

(arbitrary  units) 

Sample 

MCD  EPR 

As-grown 

1  1 

ITC  +  800®,  1  h 

5  5 
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sorption  measurements  (at  MIT)  as  similar  as  possible. 

Quantitative  results  are  given  in  Table  II.  They  were 
also  used  to  construct  and  plot  the  intensity  of  the  EPR 
quadruplet  signal  versus  the  intensity  of  the  ZPL.  This 
plot  shown  in  Fig.  1  demonstrates  the  one-to-one  correla¬ 
tion  between  a  decrease  in  spin  concentration  and  an  in¬ 
crease  in  the  concentration  of  the  neutral  EL2.  The  data 
in  Table  II  show  that  the  correlation  remains  valid  during 
the  photoionization  of  EL  2  (0.9-^m  illumination),  during 
the  photopopulation  of  ELI  by  photoexcitation  of  holes  to 
the  valence  band  (1.3-/im  illumination),  as  well  as  upon 
recovery  of  ELI  from  the  metastable  state.  It  is  also  seen 
that  the  transfer  of  ELI  to  a  metastable  state  (by  white- 
light  illumination)  eliminates  both  the  ZPL  and  EPR 
quadruplet,  confirming  that  the  metastable  state  is  not 
paramagnetic  and  is  not  optically  active.  With  the  excep¬ 
tion  of  steps  (2)  and  (6),  the  concentration  of  the 
EL  2°  (determined  from  the  ZPL)  plus  the  EPR  quadru¬ 
plet  concentration  remains  constant;  NEL1o+N^ii 
“(2.5  ±0.4)  x  10 16  cm  ~3.  The  experimental  uncertainty 
of  ±0.4xl016  cm-3  originates  from  uncertainties  of 
about  2  x  10 15  cm  ~ 3  for  NEL2o  and  about  20%  for  the  spin 
concentration. 

The  complementary  behavior  of  the  concentration  of 
the  EPR  quadruplet  and  the  EL  2°  concentration  (deter¬ 
mined  from  the  ZPL)  indicates  that  the  entire  EPR  signal 
arises  from  the  singly  ionized  charge  state  of  ELI,  i.e., 
EL2+.  There  is,  however,  the  possibility  that  a  fraction  of 
the  EPR  quadruplet  in  these  ITC  +  800  samples  arises 
from  paramagnetic  arsenic  centers  which  do  not  exhibit 
typical  ELI  properties  as  observed  for  instance  in  plasti¬ 
cally  deformed  GaAs. 15  This  possibility  is  most  unlikely 
since  both  the  EPR  quadruplet  and  the  ZPL  are  totally 
quenched  upon  white-light  illumination,  which  is  not  the 
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FIG.  I.  The  concentration  of  EL  2°,  determined  from  the 
ZPL  absorption  coefficient,  is  plotted  against  the  concentration 
of  ELI* ,  determined  from  the  EPR  quadruplet  spin  concentra¬ 
tion. 


case  in  plastically  deformed  GaAs. 15  Furthermore,  the 
relationship,  Ar£t2(,+^quad“2.5x  1016  cm  ~3  remains  val¬ 
id  after  ELI  is  brought  back  out  of  the  metastable  state 
after  warming  to  150  K.  Therefore,  if  such  paramagnetic 
arsenic  centers  are  present  in  these  ITC  +  800  samples 
which  are  not  ELI,  they  must  therefore  be  optically 
qucnchable  and  also  return  from  the  metastable  state  at 
150  K  along  with  the  quadruplet  signal  component  which 
is  related  with  EL2+.  In  consideration  of  these  factors, 
we  conclude  that  all  of  the  quadruplet  in  the  ITC  +  800 
samples  arises  from  only  the  EL  2+  defect. 

Thus,  the  optical  absorption  ZPL  and  the  DLTS  EL2 
signal  had  previously  been  quantitatively  correlated  by 
Skowronski,  Lagowski,  and  Gatos. 14  In  this  work,  the 


TABLE  II.  Sequence  of  illumination  and  thermal  recovery  steps  employed  for  quantitatively  corre¬ 
lating  the  ZPL  absorption  coefficient  with  the  EPR  quadruplet  concentration.  The  ZPL  detects  ELI0 
while  the  EPR  quadruplet  detects  ELI*.  aZpi - 1. Ox  1 0'2  cm"1  corresponds  to  0.9 x  10l6-cm~3  EL2° 
defects  as  determined  previously  (Ref.  13).  j* 


Sequence  of  experiment  steps 

Optical  absorption 
1.039-cV  ZPL 

OZPL  ^EL2° 

(10  ' 2  cm  _l)  GO14  cm  ~3) 

EPR 

quadruplet 

^EL2* 

GO16  cm-3) 

NEL2a  +  NEL2* 

GO14  cm'3) 

(1)  Cooled  from  300  K  in  the  dark 

0.75 

0.7 

1.8 

2.5 

(2)  White-light  illumination 

0.0 

0.0 

0.0 

transfer  to  metastable  state 

(3)  10-min  recovery  at  150  K 

1.9 

1.7 

0.7 

2.4 

transfer  out  of  metastable  state 

(4)  30  min  of  0.9-pm  illumination 

1.3 

1.2 

1.3 

2.5 

ELI  photoionization 

(5)  10-min  recovery  at  150  K 

l.l 

1.0 

1.5 

2.5 

(6)  White-light  illumination 

0.0 

0.0 

0.0 

transfer  to  metastable  state 

(7)  10-min  recovery  at  150  K 

2.6 

2.4 

0.3 

2.7 

transfer  out  of  metastable  state 

(8)  Illumination  with  2.5-pm  light 

2.4 

2.2 

0.4 

2.6 

(9)  Illumination  with  l.3-/4m  light 

2.5 

2.3 

0.1 

2.4 
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ZPL  has  been  quantitatively  correlated  with  the  EPR 
quadruplet.  In  addition,  the  EPR  quadruplet  has  been 
correlated  with  the  MCD  signal.  This  MCD  signal  is  the 
identical  signal  which  has  previously  been  used  in  ODEN- 
DOR  studies.  The  significance  of  these  correlations  is 
that  they  bridge  together  the  experimental  results  of  opti¬ 
cal  absorption,  DLTS,  EPR,  MCD,  and  ODEN  DOR  in 
regards  to  the  EL  2  defect  in  GaAs. 

Based  on  these  observations,  the  following  unified  view 
on  EL  2  properties  can  be  deduced: 

(1)  The  EL  2  defect  has  two  levels  in  the  gap  at 
Ec  —  0.75  eV  and  £,.  +0.54  eV,  respectively. 

(2)  The  ELI  defect  in  the  normal  state  has  the  follow¬ 
ing  manifestations:  a  1.039-eV  ZPL,  an  EPR  quadruplet 
(with  the  hyperfine  splitting  constant  the  same  as  that  of 
the  AsGa*  signal  reported  previously16),  and  the  MCD 
and  ODENDOR  signals  described  in  Ref.  12.  The  ZPL 
corresponds  to  neutral  EL  2  (i.e.,  EL 2°),  while  the  EPR 
quadruplet  and  the  MCD  signal  originate  from  the  ion¬ 
ized  EL  2+  defect. 

(3)  None  of  the  above  features  is  observable  when  the 
ELI  defect  is  in  the  metastable  state.  It  is  probable  that 
other  defects  in  GaAs  (such  as  antisite  related  defects) 
can  have  manifestations  similar  to  some  of  the  above 


features.  We  are,  however,  unaware  of  any  other  defect 
having  alt  these  manifestations. 

At  present  there  seems  to  be  an  important  inconsistency 
in  the  unified  ELI  properties.  Namely,  different  ELI 
manifestations  indicate  different  symmetries.  The  ZPL 
implies  tetrahedral  symmetry10,1  while  ODENDOR 
clearly  shows  a  trigonal  symmetry.12  This  inconsistency 
may  be  an  indication  that  the  symmetries  of  ELI  in  the 
neutral  and  ionized  states  are  different.  More  difficult  to 
reconcile  is  the  discrepancy  between  the  charge  states  of 
ELI  (0/+  for  Ec  -0.75  eV  and  +/+  +  for  £,.+0.54  eV) 
and  the  presence  of  an  arsenic  interstitial  as  a  constituent 
of  the  defect,  for  which  the  midgap  level  should  be  of 
+/++  double  donor  character.2  Further  studies,  both 
experimental  and  theoretical,  are  evidently  needed  to  solve 
the  continuing  EL  2  puzzle. 
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Two  infrared  local  vibrational  mode  (LVM)  absorption  lines  occurring  at  715  and  845  cm-1 
shift  to  679  and  802  cm  - 1  in  gallium  arsenide  doped  with  l80,  proving  that  the  lines  arise  from 
the  vibrations  of  oxygen  impurities.  The  715  cm  - 1  line  exhibits  a  triplet  69,7lGa  isotope  fine 
structure  consistent  with  that  expected  from  a  quasi-substitutional  FA,-0  center.  The  845 
cm  - '  line  appears  as  a  closely  spaced  doublet  expected  for  a  bonded  interstitial  oxygen  atom. 


The  role  of  oxygen  as  a  key  impurity  in  semiconductor 
materials  has  been  recognized  since  the  earliest  times  and 
has  stimulated  an  enormous  volume  of  research.  In  silicon, 
work  in  the  1960s  showed  that  there  are  two  ways  in  which  a 
single  oxygen  atom  may  be  incoporated  into  the  lattice: 

( 1 )  The  stable,  electrically  inactive  location  is  the  inter¬ 
stitial  site,  in  which  the  oxygen  impurity  forms  bonds  with 
two  equivalent  silicon  neighbors,  forming  a  localized  Si20 
molecule,  with  a  bond  angle  of  26 cz  1 60*.  This  defect  is  readi¬ 
ly  detected  by  its  characteristic  infrared  local  vibrational 
mode  (LVM)  spectrum,  which  has  been  investigated  in 
great  detail. 1 

(2)  Substitutional,  electrically  active  oxygen  is  created 
during  fast  particle  irradiation,  by  the  trapping  of  vacancies 
by  interstitial  oxygen  atoms.  The  defect  thus  formed,  (  F-O), 
acts  as  a  net  acceptor,  with  a  level  at  Ee  —  0. 1 8  eV,  and  is 
thermally  stable  only  below  300  *C.  It  give;  rise  to  a  charac¬ 
teristic  electron  spin  resonance  spectrum  in  its  ( V-O)  ~  state 
("A  center”)2  and  to  a  different  infrared  LVM  spectrum. 3,4 
In  relation  to  the  later  discussion,  it  is  important  to  note  that 
the  LVM  frequency  of  the  A  center  depends  on  its  charge 
state4-.  v(F-l',0)<,=  835  cm-1  while  v(  K-,6C»- =  885 
cm  ~  \  at  10  K.  The  LVM  spectrum  of  the  ( F-O}0  defect  can 
again  be  analyzed  in  terms  of  a  localized  Si20  molecule,  now 
having  C2„  symmetry. 

The  role  played  by  oxygen  in  III-V  semiconductors  has 
remained  much  less  well  understood  over  the  decades,  in 
spite  of  much  effort  Oxygen  in  gallium  phosphide  is  of 
course  a  notable  exception:  here,  the  strongly  luminescent 
oxygen  impurity  occupies  the  substitutional  P  site,  where  it 
acts  as  deep  donor,  with  a  level  at  Ee  —  0.896  eV,  which  can 
also  bind  a  second  electron.3  However,  there  is  also  evidence 
from  LVM  spectroscopy6  for  the  occurrence  of  interstitial 
oxygen  or  oxygen  clusters  in  GaP. 

Research  related  to  the  electrical  activity  of  oxygen  in 
gallium  arsenide  (GaAs)  started  quite  early,  after  it  was 
discovered  that  oxygen  doping,  under  certain  conditions, 
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may  render  the  material  semi-insulating.7  Below  band  gap 
near-infrared  absorption  studies8,9  revealed  the  presence  of 
deep  impurity  states  in  GaAs:0,  but  their  microscopic  struc¬ 
ture  remained  unclear.  More  recently,  it  was  shown  by  deep 
level  transient  spectroscopy  (DLTS) 10  that  GaAs  grown  in 
oxygen  enriched  ambients  contains  a  midgap  level  with  an 
activation  energy  for  thermal  emission  of  an  electron  of  825 
meV,  very  close  to  that  of  the  dominant  midgap  level  EL2, 
with  815  meV.  The  first  direct  identification  of  an  oxygen- 
related  point  defect  ir  GaAs  was  reported  by  Akkerman  et 
al."  It  was  found  that  oxygen  (As203) -doped  GaAs  gives 
rise  to  a  LVM  absorption  line  at  836  cm  - 1  (300  K)  while 
another  line  at  790  cm- 1  was  detected'  in  samples  doped 
with  l80-enriched  As203.  The  closeness  of  the  ratio  of  790/ 
836  =  0.9450  to  the  ratio  y  16/1 8  =  0.9428  proves  defini¬ 
tively  that  oxygen  is  the  major  constituent  of  the  defect  in 
question.  Its  detailed  structure  could  not  be  determined  at 
that  time,  but  a  bonded  interstitial  oxygen  position  is  sug¬ 
gested  for  the  defect  because  of  the  high  frequency  of  the 
mode  compared  with  those  for  known  substitutional  atoms 
such  as  l2C(As)  which  has  a  frequency  of  only  582  cm-1  in 
spite  of  the  lower  atomic  mass.12 

Recently,  Song  et  al. 13  and  Zhong  et  al. 14  reported  two 
new  LVM  absorption  lines  observed  in  high-resistivity 
GaAs  grown  eitbir  from  melts  contained  in  a  quartz  crucible 
ora  quartz  boat.  The  lines  at  729  and  7 1 4  cm  ~ 1  were  labeled 
A  and  B,  respectively.  Both  lines  showed  a  characteristic 
69  7|Ga  triplet  isotope  splitting,  indicative  of  two  equivalent 
gallium  ligands  nearest  to  the  vibrating  defect.  Furthermore, 
below  band  gap  in  situ  illumination  of  the  samples  led  to 
photointerconversion  processes  AoB  at  temperatures  below 
200  K,  reminiscent  of  the  similar  characteristic  behavior  of 
the  EL2  defect.  However,  the  direct  assignment  of  the  A  and 
B  lines  to  EL2  has  been  questioned.15  Instead,  it  has  been 
suggested14  that  the  defect  causing  the  729/714  cm~ 1  LVM 
lines  should  be  identified  with  the  analogous  silicon  A  cen¬ 
ter.2-4  Thus  the  defect  would  be  an  electrically  active  V A,  -O 
pair,  with  the  oxygen  preferentially  bound  to  two  gallium 
ligands,  forming  a  localized  Ga}0  molecule  with  C  2„  sym¬ 
metry. 
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In  this  letter  we  demonstrate  the  validity  of  this  model, 
by  reporting  the  "O-isotope  shift  of  the  B  line.  In  addition, 
we  have  resolved  a  69,7 'Ga  doublet  isotope  splitting  of  the 
845  cm-1  LVM  line,  expected  for  interstitial  oxygen  in 
GaAs. 

Two  oxygen-doped  samples  of  GaAs  were  used  for  our 
experiments.  Sample  No.  1  was  grown  by  the  horizontal 
Bridgman  method  from  a  quartz  boat  enclosed  in  a  quartz 
ampoule  filled  with  '®02  gas  to  a  pressure  of  240  Torr  at 
room  temperature.  During  the  growth  process  the  18Oj  gas 
may  become  diluted  with  l602  due  to  chemical  interactions 
with  the  ampoule  walls.16  After  completion  of  the  growth, 
tne  ampoule  was  water  quenched  to  room  temperature  in 
order  to  minimize  formation  of  oxide  precipitates.  Capaci¬ 
tance-voltage  ( C-V)  measurements  indicated  that  the  crys¬ 
tal  was  n-type  with  ( Nd  —  Na  )  =  1.6x  10l6cm_3at300K. 
Deep  level  transient  spectroscopy  measurements  showed  an 
EL2  concentration  of  1.2x  1016  cm-3.  The  defect  labeled 
ELO  was  not  observed  in  this  sample,  indicating  that  the 
concentration  was  in  the  low  1015  cm- 3  range.  Sample  No.  2 
was  grown  by  the  liquid  encapsulation  Czochralski  (LEC). 
method  with  the  melt  doped  with  Ga20,  ( not 1  sO  enriched ) . 

Infrared  absorption  spectra  were  obtained  with  Fourier 
transform  spectrometers  (Bruker  IFS-1 13v)  with  the  sam¬ 
ples  at  either  77  or  4.2  K.  An  overall  spectrum  for  sample 
No.  1  is  shown  in  Fig.  1 .  Four  LVM  absorption  lines  occur  at 
679, 7 1 5, 802,  and  845  cm ~ 1 .  The  broadband  near  780  cm" 1 
arises  from  third-order  lattice  phonons  of  GaAs.  In  sample 
No.  2  ( not  enriched  in  1  ®0 )  the  lines  at  679  and  802  were  not 
observed.  The  expected  frequency  ratio  v(180)/ 
v(  l60)  =  V 16/18  =  C.943  is  observed  for  both  the  679/715 
and  the  802/845  cm-1  pairs  of  lines.  Thus,  conclusive  evi¬ 
dence  is  found  that  these  four  LVM  lines  are  due  to  oxygen. 
This  is  an  important  result  because  the  line  at  7 1 5  cm  ~ 1  was 
initially  claimed  to  be  related  to  an  arsenic  interstitial,  form¬ 
ing  part  of  the  EL2  center.13  It  should  be  added  that  line 
A  13,14  at  730  cm- 1  was  not  observed  in  sample  No.  1,  even 
after  photoexcitation  similar  to  that  reported  in  Ref.  13.  The 
absorption  at  7 1 5  and  679  cm  ~ 1  did  not  decrease  and  no  new 
lines  appeared. 


Under  higher  resolution  the  much  smaller  frequency 
shifts  caused  by  the  69,7  'Ga  ligand  isotopes  can  be  observed 
as  shown  in  Fig.  2  for  sample  No.  2.  The  absorption  near  7 1 5 
cm  ~ 1  consists  of  three  components  each  with  a  half- width  of 
0.18  cm-1  and  a  separation  of  0.48  cm'1.  A  similar  triplet 
structure  was  observed  from  the  line  at  679  cm-1  due  to  imO. 
The  absorption  near  845  cm  - 1  consists  of  two  components 
with  a  half-width  of  0.30  cm-1  and  a  separation  of  0.37 
cm'1.  This  is Jhe  first  report  of  fine  structure  on  the  802/845 
cm" 1  lines. 

The  fine  structure  occurs  because  for  GaAs  the  natural 
isotopic  abundances  are  69Ga(60.4%),  7lGa(39.6%),  and 
73As(  100%).  For  interstitial  oxygen,  which  is  bonded  to  one 
Ga  and  one  As  atom,  there  should  be  two  components  with 
intensities  40%:60%.  This  is  indeed  observed  for  the  lines  at 
802  and  845  cm-1,  which  supports  the  assignment.  In  the 
( yAs-0)  pair,  the  oxygen  is  bonded  to  two  equivalent  Ga 
ligands,  and  the  fine  structure  should  have  three  equally 
spaced  components  with  intensities  16%:48%:36%  or 
1. 3:4:3.  This  is  in  good  agreement  with  our  observed  fine 
structure  of  the  lines  at  679  and  715  cm  " 1  and  also  with  the 
previously  reported13  fine  structure  for  the  lines  at  715  and 
730  cm-1.  (We  have  observed  the  730  cm-1  triplet  structure 
in  a  semi-insulating  LEC  crystal  grown  from  a  boron  nitride 
crucible  but  have  not  so  far  observed  optically  induced  inter¬ 
conversion  with  the  715  cm  - 1  line).  Additional  support  for 
the  assignments  comes  from  the  exact  agreement  between 
the  observed  line  positions  and  those  calculated  from  fitting 
parameters  by  the  usual  procedure.3,417  For  interstitial  oxy¬ 
gen  we  find  a  substantial  asymmetry  in  the  force  constants, 
i.e.,  /(As-0)//(Ga-0)  =  2.3,  which  causes  the  relatively 
small  overall  splitting  of  the  845  cm' 1  line  (see  Fig.  2). 

To  obtain  an  estimate  of  the  concentration  of  the  oxygen 
centers,  we  inserted  the  integrated  absorption  into  the  theo¬ 
retical  equation  for  infrared  absorption4: 


N=ncni  C 

2rrV  J 


(1) 


Here  n  =  3.57  is  the  refractive  index  of  GaAs,  c  is  the  veloc¬ 
ity  of  light,  m  is  the  oxygen  mass,  and  tj  is  the  apparent 
charge.  We  obtain  iV=  8.6  X  1014  cm-3  for  each  of  the  inter- 


FIO.  1.  LVM  abaorptioa  spectrum  (77  K>  of  the  OaAt:  '*,"0  ample  Na  FIO.  2.  Fme  Uructure  of  the  LVM  absorption  of  the  G»Aj:  '*0  sample  No. 
1.  The  broad  peat  near  7  SO  cm  ~ 1  tranfrom  intnntic  thrce-pbooooabaorp.  2,  taken  at  4.2  K  with  0.1  cm  raoiutxm.  Suggotcd  models,  which  explain 

tj0fc  the  **T'Oi  ligand  itotope  tpbttbifi  are  ihown  at  intern. 
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jtitial  IA180  bands  and  N  =  3.2  X 1015  cm-3  for  each  of  the 
( KAt-,6  ,*0)  bands  for  sample  No.  1,  if  we  take  ij  =  e0,  as 
measured  for  other  impurities  in  various  crystals.4  The  equal 
amount  of  lftO  and  l80  is  interesting  in  view  of  the  doping 
mechanism,  i.e.,  the  sample  contained  as  much  l60  derived 
from  the  SiOj  container  as  ‘*0  from  the  enriched  ambient 
gas.  For  sample  No.  2,  the  concentrations  are  N  =  3.3  x  10‘5 
cm-3  for  interstitial  oxygen  and  N  =  6.1  X 1015  cm-3  for 
(  Fa,-0).  Thus  the  total  oxygen  content  of  =  10lfl  cm-3 
would  be  greater  than  that  measured  previously  for  other 
crystals  doped  with  Ga20}.  However  a  larger  value  of  rj,  as 
found  for  oxygen  in  silicon,  where  tj  =  3.8e0  for  both  the  9 
fim  band18  and  the  836  cm-1  LVM  line  from  the  O-V 
pair,19,20  would  reduce  the  estimated  oxygen  content  by 
more  than  an  order  of  magnitude.  It  is  not  possible  to  im¬ 
prove  the  precision  of  the  estimate.  Measurements  of  oxygen 
concentrations  in  the  1013  cm-3  range  are  difficult  to  make 
using  secondary-ion  mass  spectroscopy  (SIMS)  and  that  is 
why  we  used  charged  particle  activation  analysis  in  our  ear¬ 
lier  work.20 

Additional  absorption  measurements  were  made  in  the 
near-infrared  region  (4000-12  500  cm-1,  or  0.5-1.55  eV). 
Sample  No.  1  was  cooled  in  the  dark  to  10  K  and  a  “dark” 
spectrum  was  taken.  Then  the  EL2  absorption  was  bleached 
with  an  additional  white-light  source  after  which  an  “illumi¬ 
nated”  spectrum  was  recorded.  We  observed  a  nonbleacha- 
ble  absorption  spectrum  with  an  onset  at  0.75  eV  and  a 
steady  increase  up  to  the  band  edge.  The  difference  between 
the  two  spectra  was  typical  of  the  EL2  spectrum.  From  these 
measurements  we  derived21  an  EL2  concentration  of 
1.4  ±  0.2 X  1016  cm-3  in  good  agreement  with  the  DLTS 
result  for  this  sample,  namely,  1.2X  1016  cm-3.  The  corre¬ 
sponding  value  for  sample  No.  2  was  1.0  ±  0.2X  10l6cm-3. 
The  fact  that  the  infrared  absorption  lines  at  715  and  679 
cm  - 1  do  not  respond  to  photoexcitation  even  though  EL2  is 
photoexcitcd  into  the  metastable  state  in  these  samples  dem¬ 
onstrates  that  the  oxygen  defect  is  unrelated  to  EL2. 

In  summary,  we  have  identified,  for  the  first  time,  two 
types  of  oxygen-induced  LVM  absorption  lines  in  GaAs. 
Their  assignment  to  quasi-substitutional  (F^-O)  oxygen 


and  to  interstitial  oxygen  is  suggested,  but  further  confirma¬ 
tion  of  the  models  is  required.  The  electrical  activity  of  the 
( V  At  -O)  center  and  the  presumed  electrical  inactivity  of  the 
interstitial  oxygen  defect  also  remain  to  be  investigated. 
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Vanadium  added  to  the  GaAs  melt  getters  shallow  donor  impurities  (Si  and  S)  and  decreases 
their  concentration  in  the  grown  crystals.  This  gettering  is  driven  by  chemical  reactions  in  the 
melt  rather  than  in  the  solid.  Employing  V  gettering,  we  were  able  to  grow  reproducibly  semi- 
insulating  GaAs  by  horizontal  Bridgman  and  liquid-encapsulated  Czochralski  techniques, 
although  V  did  not  introduce  any  midgap  energy  levels.  The  compensation  mechanism  in  these 
crystals  was  controlled  by  the  balance  between  the  native  midgap  donor  EL2  and  residual 
shallow  acceptors.  Vanadium  gettering  contributed  to  the  reduction  of  the  concentration  of 
shallow  donors  below  the  concentration  of  acceptors.  The  present  findings  clarify  the  long¬ 
standing  controversy  on  the  role  of  V  in  achieving  semi-insulating  GaAs. 


I.  INTRODUCTION 

The  use  of  vanadium  for  producing  thermally  stable 
semi-insulating  ( SI )  GaAs  was  initiated  several  years  ago. 1-2 
It  was  suggested  that  vanadium  introduced  a  midgap  com¬ 
pensating  level  and  that  the  diffusivity  of  V  in  GaAs  was  one 
order  of  magnitude  lower  than  that  of  Cr.  The  latter  charac¬ 
teristic  of  V  was  considered  promising  for  limiting  out-difFu- 
sion  and  improving  GaAs  device-processing  characteristics. 
SI  GaAs  was  indeed  obtained  with  V  doping  by  a  variety  of 
growth  techniques3"6  in  different  laboratories.  However,  in 
other  laboratories  V  doping  was  shown  to  produce  low-resis¬ 
tivity  crystals.7  8  Midgap  energy  levels  originating  from  sub¬ 
stitutional  vanadium1"3  or  vanadium-related  complexes5,6 
were  proposed  to  explain  the  high  resistivity  of  GaAs  crys¬ 
tals  grown  by  V  doping.  However,  a  direct  identification  of 
any  V-related  midgap  level  in  GaAs  was  clearly  lacking. 
Subsequent  deep-level  transient  spectroscopy  and  optical 
absorption  studies  have  established  a  substitutional  vanadi¬ 
um  acceptor  level  (V3+/V2+ )  at  0.1 5  eV  below  the  conduc¬ 
tion-band  edge  and  a  vanadium  donor  level  (V4+/V3+) 
within  the  valence  band.9"12  No  other  vanadium-related  lev¬ 
els  were  found  within  the  GaAs  energy  gap.  Since  SI  behav¬ 
ior  arises  from  the  compensation  of  shallow  residual  impuri¬ 
ties  by  a  midgap-level,  the  lack  of  a  V-related  midgap  level 
raised  questions  concerning  the  role  of  V  doping  in  the 
growth  of  SI  GaAs. 

In  this  paper  we  present  experimental  results  and  dis¬ 
cuss  a  model  of  gettering  of  shallow  donor  impurities  by  V  in 
the  growth  melt,  which  offers  a  new  explanation  of  the  role 
of  V  in  achieving  SI  GaAs  and  involves  no  vanadium  mid¬ 
gap  levels.  We  show  that  V  gettering  helps  to  maintain  the 
concentration  of  shallow  donors  below  that  of  acceptors  and 
facilitates  the  reproducible  growth  of  high-resistivity  crys¬ 
tals  with  a  standard  compensation  mechanism  based  on  the 
native  midgap  EL2  donor. 

II.  EXPERIMENTAL  PROCEDURES 

GaAs  crystals  doped  with  V  were  grown  in  our  labora¬ 
tory  by  the  horizontal  Bridgman  (HB)  and  the  liquid-en¬ 
capsulated  Czochralski  (LEC)  techniques.  HB  growth  was 


carried  out  in  quartz  boats  placed  in  quartz  ampules  employ¬ 
ing  the  three-temperature-zone  apparatus  described  in  Ref. 
13.  Arsenic  source  temperature  was  kept  at  617  +  I  "C, 
which  corresponds  to  the  growth  of  stoichiometric  GaAs.  In 
LEC  growths  the  crystals  were  pulled  from  stoichiometric 
melts  enclosed  in  pyrolytic  boron  nitride  (pBN)  crucibles 
and  encapsulated  by  an  about  1-cm-thick  layer  of  dry  B;Ov 

Vanadium  doping  was  realized  by  adding  ultrahigh-pu- 
rity  elemental  V  (99.9995%)  to  polycrystalline  GaAs  so 
that  the  initial  V  concentration  in  the  growth  melt  ranged 
from  3X  1019  to  3X  102°  cm-3.  The  V  distribution  coeffi¬ 
cient  in  GaAs  is  very  small  (see  Sec.  Ill  B);  thus  the  vast 
majority  of  V  atoms  remain  in  the  melt,  and  during  growth 
ti  e  V  concentration  in  the  melt  and  in  the  solid  increases. 
The  enrichment  of  the  melt  with  V  leads  to  polycrystalline 
growth  in  the  tail  region  of  the  ingots.  Analysis  of  V-related 
properties  was  limited  to  the  single-crystalline  portions  of 
the  ingots  (about  80%  of  the  ingot  for  the  highest  initial  V 
concentration). 

Some  of  the  V-doped  crystals  were  intentionally  co¬ 
doped  with  Si  or  Zn,  in  order  to  determine  the  efficiency  of  V 
gettering  or  to  establish  the  range  of  conditions  leading  to  the 
growth  of  SI  GaAs.  Reference  V-free  crystals  were  also 
grown  employing  otherwise  the  same  growth  conditions.  All 
crystals  used  in  the  present  study  are  listed  in  Table  1. 

Standard  electrical  characterizations  included  Hall-ef¬ 
fect  measurements  in  the  van  der  Pauw  configuration, 
Schottky  barrier  deep-level  transient  spectroscopy  (DLTS), 
infrared  optical  absorption  spectroscopy,  and  low-tempera¬ 
ture  (5-K)  photoluminescence  (PL)  spectroscopy.  Experi¬ 
mental  apparatus  and  details  of  the  approaches  were  the 
same  as  those  described  in  our  previous  publications.9"11 
CompositionaLanalysis  by  secondary-ion  mass  spectroscopy 
(SIMS)  was  performed  by  commercial  laboratories. 

The  concentration  of  substitutional  V  in  conducting  n- 
ty  pe  GaAs  was  determined  from  DLTS  measurements  of  t  he 
V  acceptor  at  0. 15  eV  below  the  conduction-band  edge.  In 
high-rcsistivity  crystals  (whereby  DLTS  is  not  readily  appli¬ 
cable)  the  optical  method  described  in  Ref.  1 1  was  found 
especially  valuable.  This  method  relies  on  low-temperature 
(5-K)  measurements  of  the  V  intracenter  absorption  after 
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TABLE  I.  Doping  conditions  of  GaAs  crystals. 


Growth 

Concentration 
of  dopants 
in  the  melt 

(cm*1) 

Conductivity 

crystal  No. 

V 

Si 

Zn 

crystal 

HB-129 

HB-123 

HB-133 

HB-138 

It  B- 139 
HB-140 
HB-141 

3.5  X10"* 

7.3  X  IQ19 

5  Ox  10” 
5.0x  lO19 

IX  to1" 

1  X  lO” 
lXlO"1 
ixm1’ 

n;SC 
n;SC 
n;SC 
n;  SC 
n;  SC 
n- SC 
n;  SC 

HB-!42b 

n;SC 

HB-143 

3.0X10''' 

IX  10“ 

ST 

HB-144 

3.0X101'' 

2X10“ 

SI 

HB-145 

1X10“ 

n;  SC 

LEC-1 

n;SC 

LEC-2 

l.Ox  io-° 

SI 

LEC-3 

3.0  X  10!" 

SI 

'Semiconducting. 

hVanadium  powder  placed  in  the  growth  ampule  outside  the  melt. 
'Semi-insulating. 


optical  bleaching  of  the  background  EL2  absorption.  Quan¬ 
titative  calibration  makes  possible  the  determination  of  V 
concentration  and  charge  state  in  high-resistivity  crystals 
from  the  V2+(3</3)  and  the  V3  +  (3 d2)  intracenter  absorp¬ 
tions. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Vanadium  gettering  of  donor  impurities 

Undoped  GaAs  grown  by  the  HB  method  is  typically  n 
type.  Silicon  donors  are  the  dominant  impurities  present  at 
concentrations  exceeding  10l6cm-3.  Conta’mination  with  Si 
is  due  to  the  reaction  of  quartz  material  ( the  ampule  and  the 
boat)  with  Ga  vapor: 

[SiO;L,ll0  +  [2Ga]ga,-.[GaJ0)t„  +  [SiO]„,  .  (1) 

SiO  gas  formed  by  this  reaction  supplies  Si  to  the  GaAs  melt. 
The  concentration  of  Si  increases  with  increasing  tempera¬ 
ture  of  the  Si02  and  with  increasing  of  the  ratio  of  the  free 
volume  in  the  ampule  to  the  volume  of  the  GaAs  melt;  on  the 
other  hand,  Si  concentration  decreases  with  increasing  par¬ 
tial  pressure  of  Ga20  ( addition  of  oxygen  gas  or  oxides  to  the 
growth  ampule. 

Results  of  SIMS  analysis  of  typical  undoped  and  V- 
doped  HB  crystals  are  given  in  Table  II.  Both  crystals  were 
grown  without  the  addition  of  oxygen.  The  undoped  crystal 
exhibits  a  high  Si  concentration  of  about  8x  1016  cm'3  near 
the  seed  and  2X  1017  cm-3  near  the  tail.  This  behavior  is 
consistent  with  the  Si  contamination  process  discussed 
above  and  Si  distribution  during  the  solidification.  It  is  also 
seen  from  Table  II  that  the  addition  of  V  to  the  growth  melt 
decreased  the  Si  concentration  in  the  grown  crystal  signifi¬ 
cantly,  i.e., to  about  Ixl0,6and4x  I0,s  cm-3  near  the  seed 
and  the  tail,  respectively.  The  Si  concentration  in  the  V- 
doped  crystal  decreased  from  the  seed  to  the  tail  in  contrast 
to  the  Si  behavior  in  a  V-free  crystal.  Vanadium  added  to  the 
growth  melt  decreased  also  the  concentration  of  sulfur  in 
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TABLE  II.  The  effect  of  V  doping  on  Si  and  S  concentration  determined  by 
SIMS. 


Impurity  concentration 
(cm"  *) 


Crystal 

Si 

S 

Undoped 

HB-129  seed 

8x  10“ 

1x10“ 

tail 

2X  1017 

2X10“ 

V-doped 

HB-123  seed 

1X10“ 

3x10'' 

tail 

4X  10“ 

7x)0’' 

GaAs  crystals  (see  second  column  of  Table  II).  It  is  thus 
apparent  that  V  removes  certain  donor  impurities  during 
GaAs  growth.  This  “vanadium  gettering”  has  profound  ef¬ 
fects  on  the  electrical  properties  of  the  resulting  crystals. 

B.  Effects  of  vanadium  on  the  free-carrier 
concentration  and  mobility 

Results  of  Hall-effect  measurements  on  HB  GaAs  crys¬ 
tals  for  different  solidified  fraction  are  given  in  Figs.  1  and  2. 
It  is  seen  that  V  doping  has  two  profound  effects:  ( l )  It 
decreases  the  free-electron  concentration  n  by  as  much  as 
(5-8)  X  10l6cm~3  (Fig.  1  ),and  (2)  it  increases  the  electron 
mobility  y  (Fig.  2). 

The  electron  concentration  in  n- type  semiconducting 
GaAs  is  defined  as  the  difference  between  the  total  concen¬ 
trations  of  ionized  donors,  N  £ ,  and  acceptors,  N  ~ , 
n  —  N  —  N j  .  On  the  other  hand,  the  electron  mobility 
(free-carrier  scattering  by  ionized  impurities)  increases  as 
the  sum  iV„  +  N ^  decreases.  Thus  the  increase  of  n  and 
decrease  of  y  requires  that 

-N;)\  and  (N  £  +  N )\ .  (2) 

This  condition  permits  no  interpretation  other  than  a 
decrease  in  N  £ ,  i.e.,  a  decrease  of  the  ionized  donor  concen¬ 
tration  upon  V  doping.  Gettering  of  shallow  donor  impuri¬ 
ties  Si  and  S  is  consistent  with  this  conclusion. 

The  present  results  regarding  V  gettering  may  seem  to 
be  in  conflict  with  the  mobility  decrease  previously  reported 
for  V-doped  LEC  GaAs;  that  decrease  was  attributed  to  the 


Fraction  solidified 

FIG.  1.  Free-electron  concentration  along  HB  V-free  and  V-doped  crystals. 
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FIG.  2.  Free-electron  mobility  of  HB  V-free  and  V-dopcd  crystals. 


ionized  V  acceptors  at  Ec  —  0. 15  eV.9  The  conflict  is  only  an 
apparent  one.  In  general,  V  may  cause  both  effects;  the  rela¬ 
tive  magnitude  of  the  gettering  and  the  compensation  of  V 
acceptors  depend  on  the  donor  concentration  and  the  posi¬ 
tion  of  the  Fermi  level.  The  V-doped  samples  in  Figs.  1  and  2 
are  from  ingots  HB-123  and  HB-133  (see  Table  I).  The  dis¬ 
tribution  of  the  V  acceptors  in  these  crystals  is  shown  in  Fig. 
3.  The  concentration  of  V  acceptors  is  below  about  1  X  1016 
and  2x  10,A  cm-3,  respectively.  An  estimation  of  the  occu¬ 
pation  fraction  of  the  V  acceptors  showed  that  only  a  frac¬ 
tion  (  <  20%)  of  the  V  acceptors  were  ionized.  These  values 
are  small  as  compared  to  the  decrease  in  electron  concentra¬ 
tion  caused  by  V  doping,  i.e.,  n  =  (5-8)  X  1016  cm-3.  We 
can  thus  conclude  that  the  role  of  the  V  acceptor  in  the  re¬ 
sults  of  Figs.  1  and  2  is  insignificant. 

The  gettering  effect  of  V  is  very  similar  to  the  estab¬ 
lished  effects  of  oxygen  on  GaAs  growth,  i.e.,  the  classic  data 
on  the  effect  of  oxygen  doping  on  the  carrier  concentration 
and  carrier  mobility.  Figure  1  in  Ref.  14  resembles  the  plot  in 
Fig.  4.  In  both  cases  the  electron  concentration  decreases 
and  the  mobility  increases  as  a  result  of  doping.  A  significant 
difference,  however,  should  be  pointed  out  between  oxygen 
and  V  gettering:  The  reactions  involving  oxygen  take  place 
in  the  gas  phase,  while  V  gettering  occurs  in  the  GaAs  melt. 
Vanadium  in  contact  with  the  gas  phase  has  an  effect  oppo¬ 
site  to  that  of  oxygen.  In  a  series  of  experiments,  V  powder 
was  placed  on  a  small  pBN  tray  in  the  quartz  ampule  beside 
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FIG.  4.  Free-electron  concentration  and  electron  mobility  as  a  function  of  V 
concentration. 


the  boat  containing  the  GaAs  charge.  The  Si  concentration 
in  the  crystals  was  found  to  be  greater  that  in  the  V-free 
crystals.  Typical  results  are  shown  in  Fig.  5.  The  enhance¬ 
ment  of  Si  contamination  can  be  explained  in  terms  of  reac¬ 
tion  ( I ) .  Oxidation  of  the  V  powder  reduces  the  partial  pres¬ 
sure  of  Ga20  in  the  growth  ampule  as  follows: 

1 2V]  powder  +  [5Ga20]g„ 

—  [10Ga](M  +  (V2Oj] 

powder  '  (3) 

Consequently,  reaction  ( 1 )  is  driven  from  left  to  right.  Mass 
spectroscopic  analysis  indeed  revealed  that  the  V  powder 
after  the  growth  process  contained  several  per  cents  of  oxy¬ 
gen. 

The  experiments  with  V  powder  were  originally  consid¬ 
ered  as  conclusive  in  distinguishing  between  V  interactions 
in  the  melt  and  in  the  gas  phase.  In  a  recent  study, 1 5  however, 
we  found  that  boron  nitride  can  also  promote  Si  contamina¬ 
tion  during  HB  growth.  The  contamination  enhancement 
took  place  when  boron  was  added  to  the  GaAs  melt.  In  ex¬ 
periments  with  V  powder  the  pBN  tray  was  not  in  contact 
with  the  melt,  and  thus  chemical  interactions  involving  bo- 


FIG.  3.  Concern  ration  of  V  acceptors  along  two  HB  V-dopcd  crystals  deter¬ 
mined  by  the  optical  method  described  in  Ref.  1 1.  The  effective  segregation 
coefficient  of  V  in  GaAs  determined  from  these  curves  is  about  5.2  X  10  "  \ 


FIG.  5.  Free-electron  concentration  in  GaAs  crystal  HB-142  grown  w  ith  V 
powder  outside  the  boat  in  the  growth  ampule.  Crystal  HB-129  is  V  free, 
■e 
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ron  nitride  should  be  less  effective.  Still,  it  is  possible  that  the 
contaminating  effect  of  V  powder  contains  a  certain  contri¬ 
bution  from  the  pBN  tray. 

C.  Effects  of  vanadium  on  heavily  Si-doped  crystals 

Four  crystals  (HB-138,  139,  140,  and  141  in  Table  I) 
were  grown  from  the  melt  doped  intentionally  with  Si  at 
concentration  [Si)mclI  =  lXl018  cm-3  for  HB-138  and 
140,  and  [Si]meI,  =  1X1019  cm-3  for  HB-139  and  141. 
These  concentrations  exceed  the  contamination  level 
brought  about  by  the  decomposition  of  the  quartz  ampule 
(reaction  1).  For  crystals  HB-138  and  139  the  melts  were 
codoped  with  V  in  the  same  amount,  while  HB-140  and  141 
served  as  V-free  reference  crystals.  The  electron  concentra¬ 
tions  versus  fraction  solidified  of  these  crystals  are  shown  in 
Fig.  6.  The  reference  crystals  exhibited  a  room-temperature 
electron  concentration  value  of  about  2X  1017  cm-3  (HB- 
140)  and  2x  1018  cm-3  (HB-141)  near  the  seed  end  and 
higher  values  toward  the  crystal  tail.  These  results  are  in 
agreement  with  the  “electron  concentration  segregation  co¬ 
efficient”  in  Si-doped  GaAs  ( k  ‘ n/  [ Si  ]  mel, ),  which  for  our 
typical  growth  condition  is  about  0.2. 13  As  seen  in  Fig.  6,  V 
added  to  the  melt  decreases  appreciably  the  free-electron 
concentration  in  both  crystals.  [The  relative  decrease  is 
about  5  for  crystal  HB- 1 40,  but  it  becomes  smaller  ( 1 . 5  to  2 ) 
for  the  crystal  with  higher  Si  doping.] 

It  is  important  to  point  out  that  the  V  acceptor  concen¬ 
tration  in  crystals  HB-138  and  HB-139  was  similar  and 
ranged  from  about  3X  1015  cm-3  near  the  seed  to  about 
2X  10IA  cm-3  near  the  tail.  These  values  are  lower  by  an 
order  of  magnitude  or  more  than  the  decrease  in  carrier  con¬ 
centration  values.  Thus  V  gettering  clearly  dominates  over 
the  compensation  effect  of  V  acceptors. 

0.  Effects  of  vanadium  gettering  on 
photoluminescence 

Further  evidence  of  the  gettering  of  shallow  donor  im¬ 
purities  by  V  has  been  obtained  from  low-temperature  pho¬ 
toluminescence  (PL)  measurements.  Figure  7  presents  the 
sub-band-gap  5-K  PL  spectra  of  the  HB  V-free  and  V-doped 
crystals.  The  broadband  peaked  at  1.18  eV  originates  from 
shallow  donor  impurity-vacancy  complexes, 16  and  it  is  pres- 


Fraction  solidified 


FIG.  6.  Effects  of  V  on  heavily  Si-doped  crystals. 
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FIG.  7.  Photoluminescence  spectra  at  5  K  at  around  1.18  eV  for  V-doped 
and  V-free  crystals.  The  broadband  is  due  to  donor-vacancy  complexes. 

ent  only  in  V-free  crystals.  A  rough  estimate  of  the  band 
intensity  normalized  to  the  band-gap  emission  indicated  at 
least  one  order  of  magnitude  reduction  of  the  defect  concen¬ 
tration  in  comparison  to  the  V-free  crystal.  A  very  similar 
effect  has  been  reported  for  oxygen-doped  GaAs,17  whereby 
the  1. 18-eV  PL  band  was  eliminated  by  the  addition  of  oxy¬ 
gen  to  the  HB  growth  ampule. 

E.  Vanadium-doped  semi-insulating  GaAs 

Undoped  GaAs  crystals  grown  in  our  HB  apparatus 
were  typically  n  type  with  a  free-electron  concentration  in 
the  mid-10,6-cm-3  range.  Doping  with  V  reduced  this  con¬ 
centration  to  <  10,5cm~3.  However,  V  doping  alone  was  not 
sufficient  to  produce  SI  material  with  room-temperature  re¬ 
sistivity  exceeding  107  H  cm  and  free-carrier  concentration 
below  10"  cm  “ 3.  Crystals  with  such  characteristics  ( HB- 143 
and  144),  however,  were  obtained  by  doping  simultaneously 
with  V  and  Zn.  The  concentration  of  Zn  required  to  obtain 
SI  GaAs  was  about  1016  atoms/cm3  in  the  melt.  The  corre¬ 
sponding  concentration  of  zinc  acceptors  in  the  solid  was  in 
the  low  lO^-cm-3  range,  consistent  with  theZn  distribution 
coefficient  of  about  0.4. 18  This  result  is  in  agreement  with  the 
common  consensus  that  the  difficulty  in  growing  SI  GaAs 
by  the  HB  method  stems  from  a  too  high  concentration  of 
residual  acceptors.  Thus  V  doping  reduces  the  concentration 
of  residual  donors  to  values  below  the  concentration  of  zinc 
acceptors  in  these  V  +  Zn  doped  crystals;  compensation  of 
these  residual  acceptors  by  EL2  leads  to  SI  crystals. 

SI  LEC  crystals  (LEC-2  and  3)  were  reproducibly 
grown  in  our  laboratory  without  the  addition  of  Zn  accep¬ 
tors,  but  using  V  doping  only.  V  was  definitely  helpful,  since 
the  V-free  LEC-1  crystal  (grown  under  identical  conditions 
as  V-doped  LEC-2  and  LEC-3)  was  n-type  conducting.  5-K 
PL  analysis  identified  Si  as  the  major  residual  donor  in  this 
V-free  crystal.  The  PL  and  far-infrared  localized  vibration- 
mode  spectroscopy  also  revealed  the  presence  of  a  carbon 
acceptor  in  all  our  LEC  crystals  at  concentration  exceeding 
10l5cm-3.  Furthermore,  a  native  77-meV  acceptor  was  also 
detected  in  the  PL  study.  The  presence  of  these  acceptors 
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apparently  eliminated  the  need  for  the  acceptor  codoping 
encountered  in  the  case  of  HB  GaAs. 

IV.  MODEL  OF  VANADIUM  GETTERING 
A.  Basic  relationships 

The  effects  of  V  on  the  properties  of  GaAs  are  summar¬ 
ized  in  Table  III.  The  first  effect,  i.e.,  the  compensation  of 
shallow  donors,  is  well  understood.  It  is  due  to  the  substitu¬ 
tional  vanadium  acceptor  level  (V1+/V2+)  at  0.15  ±0.01 
eV  below  the  bottom  of  the  conduction  band.  Two  other 
effects  are  reported  here  for  the  first  time.  They  are  indirect 
in  the  sense  that  they  are  related  to  V  in  the  growth  system 
rather  than  in  the  GaAs  crystal.  The  enhancement  of  Si  con¬ 
tamination  by  V  powder  contacting  the  ambient  in  the  HB 
growth  ampule  has  a  plausible  explanation  by  means  of 
chemical  reactions  ( 1 )  and  (3)  which  affect  the  decomposi¬ 
tion  of  the  quartz  ampule.  This  phenomenon  is  somewhat 
similar  to  the  enhancement  of  Si  contamination  by  boron 
recently  reported  and  studied  in  conjunction  with  problems 
in  growing  SI  GaAs  by  the  HB  method  using  a  pBN  boat.15 

The  third  vanadium  effect  listed  in  Table  III  is  the  most 
complex  one.  We  discuss  a  possible  explanation  of  this 
“vanadium  gettering”  in  terms  of  a  two-step  process:  ( 1 ) 
formation  of  the  vanadium-silicon  (or  vanadium-sulfur) 
complexes  in  the  melt,  and  (2)  subsequent  rejection  of  com¬ 
plexes  to  the  melt  at  the  solidification  front.  From  the  avail¬ 
able  data  on  the  binary  Si-V  system  we  can  expect  the  forma¬ 
tion  of  V,Si,  V5Si„  and  VSi2  complexesl<,_21;  in  the  presence 
of  an  S  impurity,  VS,  V2S3,  and  VS4  complexes  can  be  expect¬ 
ed.22  For  most  V-doped  crystals  the  initial  V  concentration 
in  the  melt  was  significantly  larger  (by  at  least  two  orders  of 
magnitude)  than  the  concentrations  of  Si  and  S.  This  fact 
has  the  following  consequences:  First,  the  V  concentration 
in  the  melt  can  be  treated  as  an  independent  variable  chang¬ 
ing  during  the  growth  according  to  normal  freezing,  and 
second,  chemical  reactions  can  be  simplified  by  considering 
only  V3Si  and  VS  prevalent  under  V-rich  conditions.  The 
growth  melt  will  be  approximated  by  a  dilute  solution  con¬ 
taining  Si,  S,  V,  V  ,Si,  and  VS  at  concentrations  Afs,  ,XS .. .  ( in 
units  of  mole  fraction  per  cm1)  much  lower  than  the  concen¬ 
tration  of  the  solvent  molecules.  The  reactions  in  the  melt  are 

3V  +  Si  =  VjSi ,  (4) 

V  +  S  =  VS,  (5) 


with  the  corresponding  reaction  constants 


9% 

11 

* 

(6) 

K2  =  Xys/XvXs  . 

(7) 

Mass  conservation  equations  for  V,  Si,  and  S 
prior  to  solidification  are 

in  the  melt 

n  =  x*  +  3Ar;,Sl  +A-;S*; , 

(8) 

Xl=Xt  +  Af*KJSl  , 

(9) 

x°s=xz  +  xts , 

(10) 

where  AC0  denotes  the  originally  added  quantities,  while  X  * 
denotes  equilibrium  quantities  prior  to  growth.  From  Eqs. 
(6)— (9)  it  follows  that 

xi = n/[  i +*,(*«  )3] , 

(ID 

X$  =  X%/{\+K2X%) . 

(12) 

Concentrations  of  silicon  Af^  and  sulfur  Xs 
tal  near  the  seed  end  become 

in  the  crys- 

X° 

r  V  1  -  L.  efr  V  *  Z.  efT  si 

1  *  si  *  i  ;*,(*«)■' ’ 

(13) 

[XsU^kfXt  =  kf-^±—. 

*  l  aV  2*r\  v 

(14) 

Since  [A']v>lld  for  X%  —  0  is  greater  than  for  X ‘i  =  0,  it  is 
evident  that  the  model  predicts  a  decrease  of  silicon  and  sul¬ 
fur  concentrations  in  the  crystal  as  a  result  of  the  vanadium 
addition  to  the  melt.  The  magnitude  of  the  decrease  depends 
on  the  V  concentration  and  is  described  by  the  factors 
1  +  K,  {X°v  )3  and  1  +  for  Si  and  S,  respectively.  Ex¬ 
tending  formulas  (13)  and  ( 14)  to  further  stages  of  the  so¬ 
lidification  process,  two  extreme  cases  are  considered. 

In  the  first  case  we  use  an  equilibrium  approximation 
and  assume  that  the  concentrations  of  Si  and  S  in  the  melt 
adjust  during  the  solidification  process  in  accord  with  reac¬ 
tions  (4)  and  (5)  and  the  conservation  equations  ( 8 )— ( 10). 
With  increasing  fraction  solidified  /,  the  melt  becomes  en¬ 
riched  with  vanadium  [Afv  (/)  lmcii  —  X%  ( 1  — /)  ~  '■ 
(Note  that  the  vanadium  segregation  coefficient  is  much 
smaller  than  1.)  The  concentrations  of  vanadium  complexes 
increase,  while  the  concentrations  of  isolated  Si  and  S  atoms 
decrease.  This  approximation  yields 


TADLE  III.  Effects  of  vanadium  on  properties  of  HB-GaAs. 


Manifestations 

Concentration 

Effect 

Origin 

Acceptor 

Donor 

Electron 

Mobility 

(1) 

Compensation 

Energy  levels  of 

substitutional 

vanadium 

increase 

> 

decrease 

decrease 

(2) 

Enhanced 

contamination 

V  reactions  in 
gas  phase 

increase 

increase 

decrease 

(3) 

Reduced 

contamination 

V  gettering  in 
the  melt 

decrease 

decrease 

increase 
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tit  A  Si 


.  (15) 


[*s  (/)!-«=*?  —  ° 


1  +  K2Xy 


=  kf 


X°s 


i+KtXUi-fy 


(16) 


A  second  extreme  case  involves  an  assumption  that  an 
equilibrium  state  is  reached  only  during  thermal  equilibra¬ 
tion  of  the  melt  prior  to  the  growth,  but  not  during  the 
growth  itself.  In  this  case  the  role  of  V  is  to  reduce  the  initial 
concentrations  of  the  isolated  Si  and  S  atoms  in  the  melt  (by 
engaging  most  of  them  in  V  complexes)  to  the  values  given 
by  expressions  (11)  and  (12).  The  impurity  segregation  of 
them  during  subsequent  solidification  leads  to  concentration 
profiles  of  the  type 


[*Si(/)]„,H.=*£ 
[*s  (/>]*.„.  a*  f- 


A  S» 


1 +*,(*$  )J 


(l  -/)** 


i  +  a\*  v 


(i  -/) 


i 


(17) 

(18) 


A  distinctive  difference  between  the  two  cases  is  that  in 
the  former  one  V  gettering  decreases  the  impurity  concen¬ 
trations  and  reverses  the  concentration  profiles  along  the 
crystal,  creating  an  illusion  of  segregation  coefficients  larger 
than  one.  In  the  latter  case  a  decrease  of  the  impurity  con¬ 
centrations  takes  place,  but  the  profiles  remain  consistent 
with  the  true  values  of  the  segregation  coefficients. 


B.  Comparison  with  experimental  results 

The  most  significant  experimental  result  obtained  for  all 
V-doped  crystals  was  a  decrease  in  the  Si  and  S  concentra¬ 
tions  in  comparison  to  V-free  crystals  (effect  No.  3  in  Table 
III).  The  SIMS  data  for  the  seed  portions  of  crystals  HB- 1 29 
and  HB- 1 23  can  be  used  for  a  rough  estimation  of  K ,  and  K2 
in  expressions  (13)  and  (14).  3.5X1019  cm-3  ofV  atoms 
added  to  the  melt  (corresponds  to  a  value  of  X% 
=  1.3  X  10~4  cm-3)  caused  an  eightfold  decrease  in  Si  con¬ 
centration  (see  Table  II).  This  yields  1  +  Kx(X%  )3  =  8  and 
K,  s  3.2  x  10' 2  cm9.  A  threefold  decrease  in  S  concentration 
of  the  same  crystal  gives  1  +  KjX °  =  3,  and  AT2s  1.6X  1 0* 
cm3.  These  values  should  be  treated  as  an  order  of  magnitude 
estimate  only.  The  uncertainty  of  SIMS  measurements  at 
low  concentrations  could  be  as  much  as  a  factor  of  2.  A 
reference  to  a  "typical”  undoped  crystal  also  carries  a  risk  of 
uncertainty  which  can  be  as  high  as  50%. 

Using  the  above  Kx  and  K2  values  and  expressions  (15) 
and  (16),  we  have  calculated  the  concentrations  of  Si,  S,  and 
.  (Si  +  S)  versus  V  concentration  in  V-doped  crystals.  The 
results  are  presented  in  Fig.  8.  The  Si  concentration  de¬ 
creases  very  rapidly  and  reaches  an  asymptotic  Ns,  —  Nv> 
behavior  as  expected  from  the  formation  of  V3Si  complexes. 
The  decrease  in  sulfur  concentration  is  much  slower  as  dic- 


V  concentration  n  the  melt  (cm*3) 


FIG.  8.  Si,  S,  and  Si  +  S  concentrations  vs  V  concentration  calculated  from 
Eqs.  (15)  and  ( 16)  of  the  gettering  model. 


tated  by  the  formation  of  VS  complexes.  It  is  of  interest  to 
note  that  the  dependence  of  the  total  donor  concentration 
Ns>  +  on  V  concentration  resembles  very  much  the  ex¬ 
perimental  dependence  of  the  electron  concentration  on  V 
concentration  shown  in  Fig.  4.  An  exact  quantitative  com¬ 
parison  between  n  and  Ns,  +  Ns  of  the  present  model  is  not 
possible  because  in  GaAs  with  a  low  electron  concentration 
range  (n  S  10'5  cm-3)  the  change  of  n  does  not  exactly  fol¬ 
low  the  change  in  shallow  donor  concentration.  The  pres¬ 
ence  of  deep  acceptors  ( Cu  and  Fe ) ,  shallow  acceptors  ( C ) , 
as  well  as  trapping  centers  (EL2,  EL4,  and  EL6)  affects  the 
free-electron  concentration  and  creates  some  unknown  pa¬ 
rameters  (such  as  compensation  ratio)  for  a  meaningful  test 
of  the  model.  However,  the  model  does  predict  the  general 
trend  of  free-electron  concentration  versus  V  concentration 
for  V-doped  crystals. 

The  SIMS  data  in  Table  II  indicate  a  decreasing  Si  con¬ 
centration  along  the  V-doped  crystal.  The  same  qualitative 
conclusion  can  be  drawn  from  the  electron  concentration 
profile  in  Fig.  1.  This  characteristic  profile  is  found  in  all  V- 
doped  crystals  unintentionally  codoped  with  Si.  Its  shape  is 
consistent  with  the  general  shape  of  Si  profile  calculated 
from  Eq.  (15),  which  corresponds  to  the  equilibrium  ap¬ 
proximation  of  the  model  [see  Fig.  9  where  results  of  Eqs. 
(15)  and  ( 1 6 )  are  replotted  versus  the  solidified  fraction  for 


FIG.  9.  Si.  S.  and  Si  +  S  concentrations  vs  V  concentration  vs  fraction  soli¬ 
dified  calculated  from  Eqs.  (13)  and  ( 16)  using  parameters  corresponding 
to  crystal  HB-123. 
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crystal  HB-123],  However,  the  model  predicts  a  decreasing 
S  concentration  profile  along  the  crystal,  whereas  SIMS  data 
indicate  that  S  concentration  increases  somewhat  from  the 
seed  to  the  tail  of  the  crystal.  Nevertheless,  the  reduction  in 
initial  S  concentration  the  melt  is  predicted  correctly  by  the 
model. 

A  definite  concentration  increasing  profile  from  seed  to 
tail  is  found  in  intentionally  Si-doped,  V-free,  and  V-dopcd 
crystals.  These  profiles  (see  Fig.  6)  are  consistent  with  the 
normal  freezing-type  dependence  [Eqs.  ( 17)  and  ( 18)  ]  and 
the  effective  segregation  coefficient  of  0.2.  These  results  im¬ 
ply  that  for  high  Si  concentration  the  V  gettering  is  governed 
by  the  nonequilibrium  condition  rather  than  the  equilibrium 
model. 

It  is  of  interest  to  note  that  in  the  nonequilibrium  case 
the  general  expression  of  the  type  [A'Sl]K)|ld 

—  G ( 1  —  / )  s'  "*  ( where  G  is  a  parameter  with  a  value  de- 
creasing  with  V  concentration  added  to  the  melt)  remains 
valid  even  when  the  key  simplifying  assumptions  of  the  mod¬ 
el  are  not  exactly  satisfied.  However,  a  deviation  from  V-rich 
condition  and  the  formation  of  other  complexes  ( V5Sij  and 
VSi2)  will  invalidate  the  determination  of  the  constant  Kt. 
From  expression  (13)  and  the  data  of  medium  Si  doping 
(crystals  HB-138  and  HB-140),  we  obtain  AT,  =  0.5  X  1012 
cm9,  while  data  for  heavy  Si  doping  (crystals  HB-139  and 
HB-141)  yield  a  still  smaller  value  of  AT,  =0.07x  10l2cm9. 

V.  GROWTH  OF  SEMI-INSULATING  GaAs 

Vanadium  gettering  offers  a  straightforward  explana¬ 
tion  of  the  beneficial  role  of  V  doping  in  growing  SI  GaAs 
which  eliminates  the  controversy  associated  with  a  lack  of 
any  midgap  vanadium  level.  The  presence  of  a  midgap  donor 
at  concentration  NDD  exceeding  the  difference  between  the 
net  concentration  of  ionized  acceptors  and  donors, 
Npo  >  ( ZN  7  —  IN  o  ),  is  a  necessary  condition  for  the 
growth  of  SI  n- type  GaAs.23  In  melt-grown  GaAs  the  condi¬ 
tion  of  having  high  NDD  is  easy  to  satisfy  owing  to  the  omni¬ 
present  native  EL2  donor  with  concentration  exceeding 
10'6  cm'1.  However,  the  second  condition  required  for  SI 
material,  i.e.,  IN  ^  >  IN  £ ,  cannot  be  satisfied  that  easily. 
Residual  contamination  with  silicon  donors  often  exceeds 
the  concentration  of  acceptors,  especially  for  HB  GaAs 
growth  in  a  silica  boat  placed  in  a  silica  ampule.  Sulfur  do¬ 
nors  sometimes  introduced  from  contaminated  arsenic  can 
also  add  to  the  problem.  Improvement  of  the  situation  can  be 
achieved  by  an  increase  in  the  acceptor  concentration  and/ 
or  a  decrease  of  the  residual  donor  concentration.  The  latter 
is  realized  via  V  gettering.  In  our  HB  growth  experimentals 
3.5  X  1019  cm-  3  V  atoms  added  to  the  GaAs  melt  were  suffi¬ 
cient  to  reduce  the  donor  concentration  below  the  concen¬ 
tration  of  the  codopant  Zn  acceptor  (N  7  at  mid  10l5cm-3) 
yielding  SI  GaAs.  In  our  LEC  experiments  C  impurity  (con¬ 
centration  in  the  1015  cm-3  range)  and  the  native  £v  +  77 
mcV  acceptor  played  the  role  of  residual  acceptors  so  that 
the  addition  of  V  to  the  melt  at  concentration  exceeding 
lO20  cm consistently  yielded  SI  material.  Without  V  dop¬ 
ing  our  LEC  crystals  were  n-type  semiconducting  due  to 
residual  Si  impurities. 


Temperature  dependence  of  the  electrical  resistivity  in 
HB  GaAs  doped  with  V  and  Zn  and  in  LEC-GaAs  doped 
with  V  showed  thermal  activation  energy  of  0.78  eV.  This 
result  confirms  our  conclusion  that  the  compensation  mech¬ 
anism  in  these  SI  V-doped  crystals  indeed  involves  the  native 
midgap  EL2  donor.23 

VI.  SUMMARY 

In  this  work  we  have  demonstrated  the  profound  indi¬ 
rect  role  of  V  doping  on  the  properties  of  melt-grown  GaAs. 
The  reduction  of  the  concentration  of  Si  and  Si  contaminants 
as  well  as  the  purification  of  melts  intentionally  doped  with 
Si  were  correlated  with  the  amount  of  added  V.  Electronic 
manifestations  of  these  phenomena  included  a  decrease  of 
the  free-electron  concentration,  an  increase  of  electron  mo¬ 
bility,  elimination  or  suppression  of  the  donor  impurity-re¬ 
lated  luminescence  band,  and  the  successful  reproducible 
growth  of  SI  GaAs  crystals  using  V  doping.  In  the  proposed 
model  of  V  gettering,  chemical  interactions  in  the  melt  tie 
silicon  (sulfur)  and  vanadium  complexes  which  are  not  in¬ 
corporated  into  the  solid. 

Vanadium  gettering  offered  the  first  successful  explana¬ 
tion  of  the  controversial  role  of  V  in  growing  SI  GaAs  with¬ 
out  any  active  involvement  of  V-related  deep  levels.  Accord¬ 
ing  to  the  present  results,  the  role  of  V  is  to  decrease  the 
shallow  donor  concentration  below  the  acceptor  concentra¬ 
tion  and  therefore  bring  about  the  necessary  condition  for 
achieving  SI  GaAs  with  a  compensation  mechanism  based 
on  the  native  EL2  midgap  donor  omnipresent  in  melt-grown 
GaAs. 
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